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SfMMARY 


Future  coni  nuini  cat  ion  systems  such  as  the  Phase  II  DSCS  will  use 
coherent  phase-shift  keyed  (PSK)  modulation  with  forward  error  control  (FKC  i 
coiling  and  will  he  transmitted  at  X-band  frequencies.  Since  coherent  PSK 
systems  using  FKC  are  especially  sensitive  to  signal  spectral  purity  and  since 
sjieetral  purity  is  directly  proportional  to  the  transmission  frequency,  \er\ 
cari'tiil  s\sti'm  designs  must  be  used  in  X-band  transmission  systems.  Thi-se 
systems  will  require  various  frequency  generation  equipment  such  as  atomii 
standards  ior  long-term  frequency  accuracy,  and  various  combinations  of  crystal 
oscillators,  frequency  synthesizers  and  frequency  multipliers  which  are  necessary 
to  [iroNide  flexible  transmit  and  receive  frequency  assignments. 

The  ultimate  objecti\c  of  this  effort  is  to  provide  guidance  on  spectral 
purity  requirements  for  the  Phase  II  DSCS  terminals  and  associated  frequency 
generation  equipment. 

In  this  rejiort  we  ha\e  limited  ourselves  to  the  following  immediate 
ohjecti\  es: 

•  Evaluate-  expected  phase  noise  performance  of  various  combinations 
of  existing  modulation  and  terminal  subsystems  operating  in  the 
Phase  II  DSCS. 

•  Cse  this  insight  to  generate  methods  for  specification  of  allowable 
phase  noise  as  a  function  of  desired  system  performance. 

To  reach  these  objectives  it  has  been  necessary  to  evaluate  effects  of 
phase  noise  upon  (partially)  coherent  PSK  demodulation  performance  and  therebv 
gam  insight  inU)  thi'  dynamics  of  system  performance.  It  is  knovt-n  that  demodula¬ 
tion  of  coherent  I’SK  signals  requires  knowledge  of  the  phase  of  the  original 
(unmodulated)  carrier  waveform.  Estimates  of  carrier  phase  may  be  derived 
from  the  received  signal  by  the  well  known  techniques  of  phase-locked  loop 
(Pl.I.i  theory.  Here  it  is  shown  that  optimum  demodulation  performance  (i.  e.  , 


minimum  bit  error  rate  (BER))  in  the  presence  of  phase  noise  and  thermal  noise 
is  obtained  by  optimizing  the  bandwidth  of  the  carrier  tracking  PLL.  Using  this 
technique,  optimum  demodulation  performance  for  BPSK  and  QPSK  systems  is 
derived  for  terminals  conforming  to  phase  noise  specifications  designated  "modi¬ 
fied  in  -MT"  which  is  a  modified  version  of  an  early  DSCS  HT-MT  earth  termi¬ 
nal  incidental  FM  specification  (SCA-2080A;  see  also  Figure  4-1  which  appears 
at  tht  end  of  this  summary').  Results  obtained  also  include  the  effects  of  rate- 
1  constraint  length  7,  convolutional  encoding  with  3  bit,  soft  decision  \  iterbi 
decoding.  *  Two  other  phase  noise  curves  have  also  been  synthesized,  desipenated 
cesium  11"  •  and  crystal  II**  (Figure  4-5),  which  are  now  considered  to  be  real¬ 
istic  estimates  of  phase  noise  expected  for  terminal  of  the  Phase  II  DSCS.  Using 
these  three  types  of  terminal  phase  noise  sources  and  convolutional  encoding; 
an  allowable  interv  al  of  signaling  rates  are  determined  for  BPSK  and  QPSK 
modulation  systems  when  demodulation  losses  due  to  imperfect  carrier  tracking 
are  limited  to  0.2  dB.  Results  are  summarized  in  Table  S-1  (found  at  end  of 
summary ). 

Subsystem  Performance  Evaluations 

1.  Using  the  "modified  HT-MT""  phase  noise  specification.  Table  S-1 
shows  that  inadequate  phase  noise  performance  leads  to  both  mini¬ 
mum  and  maximum  signal  rates  even  with  the  use  of  optimized 
phase  estimators  when  using  convolutional  encoding  and  Viterbi  de¬ 
coding.  However,  with  the  most  recent  estimates  of  phase  noise 
spectral  densities  (cesium  11  and  cry'stal  ID  expected  for  the  Phase 
II  DSCS  terminals,  the  upper  bound  on  signaling  rate  is  far  greater 
than  the  data  rates  of  interest. 


•See  note  1. 

**A  roman  numeral  II  has  been  used  here  to  help  differentiate  current  data 
from  that  which  appeared  in  a  prior  memorandum. 
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System  performance  has  also  been  determined  for  three  modems 
beinp  designed  for  the  Phase  II  DSCS  using  frequency  converters 
conforming  to  the  modified  version  of  the  incidental  FM  noise  speci¬ 
fication  SCA-20H0A  (Figure  4-1),  and  the  synthesized  phase  noise- 
data  of  Section  4  (Figure  4-7t. 

2.  Expected  performance  of  the  Radiation,  Inc.  BPSK  modem  (MI) 

921Gi  is  summarized  in  Table  S-2. 

3.  Results  for  the  Raytheon,  Inc.  TDMA  are  summarized  in  Tables 
S-3(a)  and  (b)  when  the  modem  is  operated  with  a  10(J  Hz  one-sided 
PEL  noise  bandwidth  and  an  optimized  bandwidth,  respectively. 
Dramatic  improvements  in  system  performance  are  noted  here  for 
a  small  increase  in  system  complexity  caused  by  the  use  of  a  vari¬ 
able  bandwidth  PEL. 

4.  Results  for  the  Magnavox  Research  Laboratorj’,  Inc.  AN,-  L'SC-2'' 
spread-spc'ctruni  modem  are  presented  in  detail  in.  In  the  cited 
reference  it  is  shown  that  the  most  critical  performance  require¬ 
ments  on  carrier  phase  estimation  performance  occurred  at  the 
lowest  information  rates,  where  the  phase  noise  of  an  improved  AN 
ASC-18  terminal  would  be  similar  to  that  of  the  synthesized  phase 
noise  (cesium  II  of  Figure  4-7)  expected  for  the  HT-MT  (AS,  MSC-GOi 
and  the  upgraded  MSC-4(I  terminals.  Therefore,  at  low  data  rates, 
demodulation  performance  for  the  USC-28  operating  with  the  above 
DSCS  terminals  will  be  similar  to  that  given  in'^'  when  this  modem 

is  ovx'rated  with  the  improved  AN,  ASC-18  terminal.  At  high  frequency 
offsets  from  the  carrier  frequency,  the  synthesized  phase  noise  curve 
(cesium  II  of  Figure  4-7i  will  be  better  than  that  of  the  improved  AN 
ASC-18;  therefore  at  high  data  rates  performance  of  the  rSC-28  with 
the  HT-MT  or  upgraded  MSC-46  will  be  better  than  that  shown  inJ^^ 
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Phase  Noise  Specification 

A  method  of  generating  specification  on  oscillator  phase  noise  has  been 

devised  based  on  phase  noise  power  in  a  band  specification.  Analysis  reveals 

that  the  shape  of  the  oscillator  phase  noise  spectral  density  is  of  secondarv 

importance  to  the  area  under  the  phase  noise  spectral  density  curve  in  the 

region  between  the  tracking  filter  3-dB  bandwidth  (i.e.  ,  for  a  PLL  this  quantitv' 

is  f  )  and  the  3-dB  bandwidth  of  the  demodulator  filter  (for  a  matched  filter 
n 

this  occurs  at  I  'J.  the  PSK  symbol  rate). 

The  design  specifications  on  phase  noise  power  in  frequency  bands  as  a 
function  of  demodulation  losses  for  systems  with  rate  1/2,  constraint  length  7, 
convolutional  encoding  and  3  bit  soft  decision  Viterbi  decoding  are  summarized 
in  Tables  S-4,  S-5  and  Figure  S-1. 

Based  on  this  method  results  are  presented  in  Tables  S-6  and  S-7  which 
are  the  desired  Phase  II  DSCS  terminal  phase  noise  specifications  for  the  AN 
MSC-60(HT)  "Follow-on"  and  the  AN,  MSC-46  "Upgrade,"  respectively. 

Finally,  it  should  be  pointed  out  that  recent  computer  simulations  on  the 
performance  of  rate  1/2,  constraint  length  7,  convolutional  encoding  wth  3  bit 
soft  decision  Viterbi  decoding  performed  at  CSC  indicates  that  the  theoretical 
loss  versus  phase  error  variance  functional  derived  in  |2]  and  used  in  this 
report,  may  not  be  as  severe  as  indicated.  However,  all  of  the  phase  noise 
specifications  derived  here  are  not  unreasonable  since  they  can  be  satisfieti 
with  state  of  the  art  techniques. 
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S-l.  Allowable*  Inlormalion  Rates  for  Suppressed  farrier  lU’SK  ;uid  Signaling  With 

Several  Possible  Phase  Noise  Sources  in  the  DSfS  and  With  Soft  Decision  ('.'i-bit|, 

Rate  1/2,  Constraint  Length  7  Viterbi  IX'coding  at  HKH  10 


Acceptable  loss  <  .2  dB  with  bandwidth  optimized  carrier  tracking  PLl. 
Phase  Noise  contribution  from  2  terminals  and  1  equivalent  satellite 


Table  S-3(a).  Allowable*  Information  Itates  for  Raytheon  TDMA  With  PLL  Noise  Bandwidth 
of  mo  Hz.  Operation  With  I^ssible  Phase  11  1)SCS  Noise  Contributors  and  With 


r.'ihlo  S-5.  K(|uiv;ili‘nt  Power  I^oss  nnd  (’orresponding  Phase  Noise  Wiriances 
Rased  on  ConsiTvaf ive  f~'*  Phase  Noise  ('haraelerislie  Desijpi  and  (jaiissian  Loss  Apfiroximation 


ion) 


TabU'  S-G.  Proposed  Specification  on  Spectral  Purity 
for  the  Follow-on  AN/MSC-60  (HT) 


1 . 0  Si».  (.  iral  Purity 

The  total  spurious  content  added  to  any  transmitted  or  received  carrier, 
ineludmR  phase  noise  and  discrete  spurious  signals,  shall  not  exceed  con- 
dition^  specified  in  the  following  paragraphs. 

1 .  1  S()ectral  Purity  for  BPSK-QPSK 

a.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  25  dB 
below  the  carrier  level  when  measured  in  a  band  0.  6  Hz  to  75  Hz 
from  the  carrier  frequency. 

b.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  37.5 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands; 

(b-1)  5  Hz  to  10  kHz  from  the  carrier  frequency 

(b-2)  20  Hz  to  70  kHz  from  the  carrier  frequency 
(b-3>  200  Hz  to  0.6  MHz  from  the  carrier  frequency 

{b-4)  1.7  kHz  to  5  MHz  from  the  carrier  frequency 

(b-5)  7  kHz  to  20  MHz  from  the  carrier  frequency 

1 . 2  Spectral  Purity  for  BDM  FM 

Total  spurious  content  from  both  sides  of  the  carrier  measured  in  any 
,3  kHz  bandwidth  shall  be  below  the  carrier  level  as  follows; 

a.  57  dB  minimum  from  12  kHz  to  20  kHz 

b.  62  dH  minimum  from  20  kHz  to  30  kHz 

c.  65  dH  minimum  from  30  kHz  to  300  kHz 

1 . 3  Spectral  Purity  for  Burst  Coherent  TDMA 

Total  spurious  content  from  both  sides  of  the  carrier  shall  be  at  least 
37.5dB  below  the  earner  level  when  measured  in  a  band  23  Hz  -  40  MHz 
from  the  carrier  frequency. 
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Table  S-7.  Proposed  Specification*  on  Spectral  Purity 
for  the  AN/MSC-46  "Upgrade”  Terminal 


1 .  0  Spectral  Purity  | 

The  total  spurious  content  added  to  any  transmitted  or  received  carrier,  ' 
including  phase  noise  and  discrete  spurious  signals,  shall  not  exceed  condi¬ 
tions  s|x‘cified  in  the  following  paragraphs. 

1 .  11  Spectral  Ihirity  for  BPSK-QPSK 

a.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  37 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands: 

(a-1)  0.6  Hz  to  75  Hz  from  the  carrier  frequency 

(a-2)  1. 8  Hz  to  200  Hz  from  the  carrier  frequency 

b.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  .37.  5 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands; 

(b-1)  5  Hz  to  16  kHz  from  the  carrier  frequency 

(b-2)  20  Hz  to  76  kHz  from  the  carrier  frequency 

(b-3)  200  Hz  to  0.  6  MHz  from  the  carrier  frequency 

(b-4i  1-7  kflz  to  5  MHz  from  the  carrier  frequency 

(b-5)  7  kHz  to  20  MHz  from  the  carrier  frequency 

1 . 2  Spectral  Purity  for  FDM  FM 

Total  spurious  content  from  both  sides  of  the  carrier  measured  m  an\ 

3  kHz  bandwidth  shall  be  below  the  carrier  level  as  follows; 


Table  S-7.  Proposed  Specification*  on  Spectral  Purity 
for  the  AN/MSC-46  "Upgrade”  Terminal  (Cont'd) 


a.  57  dB  minimum  from  12  kHz  to  20  kHz 

b.  62  dB  minimum  from  20  kHz  to  30  kHz 

c.  65  ciB  minimum  from  30  kHz  to  300  kHz 

1.  3  Spec  !  rill  Purity  for  Burst  Coherent  TDM  A 

Total  spurious  content  from  both  sides  of  the  carrier  shall  be  at  least 
37.  5  dB  below  the  carrier  level  when  measured  in  a  band  23  Hz  -  40  MHz 
from  the  carrier  frequency. 

1 _ _ _ 


•Specifications  do  not  include  effects  of  reference  standard.  Also  assumes  that 
terminal  phase  noise  is  dominated  by  reference  at  frequencies  below  2  00  Hz. 


SECTION  1  -  INTRODUCTION 


The  need  for  specifications  on  phase  noise  arise  because  all  information 

conveyed  in  a  coherent  PSK  signal  resides  in  phase  changes  added  to  an  unmodu- 

lateti  phas(.'  reference  (carrier  phase  reference).  The  phase  reference  is, 

alas,  always  imperfect  e\ cn  at  the  transmitter  since  it  always  contains  noise 
13  41 

)»erturbations  ’  '  characterizeil  as  phase  noise  for  high  frequency  perturba¬ 
tions  and  long-term  drifts  for  low  frequency  perturbations.  Because  the  ret  er.  er 
has  no  a  priori  knowledge  of  these  phase  perturbations  in  time,  the  recei\er 
has  to  distinguish  between  the  PSK  modulation  and  the  phase  noise.  Our 
{irobKiii  at  thi'  receiver  then  becomes  one  of  estimating  carrier  phase  perturba¬ 
tions  in  the  presence  of  PSK  modulation  and  additive  white  Gaussian  noiS' 

(AWGNi. 

A  perfect  reference  is,  by  definition,  physically  unrealizable.  Non¬ 
realizability  occurs  because  the  parameters  which  characterize  the  reference 
arc  not  truly  constant  with  time  but  have  random  noise  perturbations  super- 
im)iosed.  Ojitimum  performance  in  PSK  systems  demands  that  we  estimate 
phase  noise  fluctuations  of  the  reference  phase  so  that  their  effects  can  be 
minimized.  Since  all  information  is  contained  in  the  PSK  signal  phase,  amplitude 
noise  effects  are  only  of  significance  when  passed  through  devices  which  cause 
amplitude  noise  to  be  converted  to  phase  noise. 

Estimation  accuracy  may  be  characterized  in  the  mean  square  error  (MSEi 

2 

sense  l)V  the  total  phase  estimation  error  variance  ct  The  total  error  variance 

tot. 

is  the  sum  of  two  terms;  (1)  a  phase  error  variance  due  to  the  effects  of  thermal 
2  2 

noise  and  (2)  a  phase  error  variance  due  to  the  inability  of  the  carrier 
phase  estimator  to  completely  estimate  the  entire  phase  noise  process  on  the 
recei\ed  signal. 
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U  is  known  that  the  phase  error  variance  due  to  thermal  noise  is  directly 
proportional  to  the  noise  bandwidth  of  the  reference  phase  estimator.  Here 
we  show  that  the  error  variance  due  to  phase  noise  is  inversely  proportational 
to  \arious  functions  of  thi'  phase  estimator  noise  bandwidth.  (These  inverse- 
functions  are  directly  related  to  the  phase  noise  spectrum  present  on  the 
reference  signal.  )  Thus,  a  set  of  opposing  constraints  is  given  for  minimizing 
phase  error  variance  resulting  in  an  optimum  phase  estimator  noise  bandwidth 
topiimum  in  the  sense  that  it  provides  the  minimum  mean  square  error  (MMSKn. 

In  this  report  considerable  effort  is  directed  towards  derivation  of  this 
optimum  bandwidth,  and  thus  the  MMSt!  for  systems  using  second  order  PLLs 
of  thi-  power  variety  (squaring,  quadrupling,  etc.  )  or  decision-directed  feed¬ 
back  type,  or  pure  second  order  PLLs  when  an  auxiliary  unmodulated  carrier 
sinusoid  is  utilized.  Since  the  order  of  an  optimal  linear  phase  estimator  is  a 
function  of  the  order  of  the  oscillator  phase  noise  spectral  density,  higher  order 
PLLs  (i.e.  ,  3rd  or  4th)  may  be  desirable  in  certain  instances,  however,  the 
analysis  could  easily  be  extended  with  some  additional  algebradc  complexity. 

In  the  preceding  we  have  focused  attention  on  the  fidelity  of  the  carrier 

2 

phase  estimator  as  expressed  by  its  total  phase  error  variance  and  we  have 
only  hinted  that  this  parameter  is  directly  related  to  a  demodulation  performance 
in  a  coherent  PSK  system.  In  the  literature  several  analyses  are  available,^*”’ ^  ^ 
which  show  demodulation  loss  from  ideal  performance  in  a  coherent  PSK  systen- 
when  using  a  noisy  phase  reference.  These  analyses  account  only  for  thermal 
noise  corruption  of  the  carrier  phase  estimator.  Here  the  loss  functionals 
di  rived  in  these  references  are  extended  to  include  the  additional  degradations 
caused  by  incomplete  estimation  of  the  phase  noise  process  on  the  received 
signal. 

f  urthermore,  future  communication  systems  (e.  g. ,  Phase  11  DSLS) 
will  be  increasingly  sensitive  to  errors  in  carrier  phase  estimation  due  to  the 
use  of  forward  error  control  coding  (FEC).  Because  of  the  increased  sensitivity 
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of  I’SK  systems  with  FEC,  it  is  of  utmost  importance  to;  (1)  Obtain  estimates 

of  all  phase  noise  added  to  any  coherent  PSK  transmission  system,  (2)  Calculate 

the  exact  performance  (expressed  in  the  sense  of  mean  square  error  (MSE)  by 

2 

the  phase  estimation  error  variance  a  )  of  various  carrier  phase  estimation 

techniqui-s  in  the  presence  of  thermal  noise  (AWGN)  and  phase  noise,  (3)  Apply 

[2  7  h  ] 

the  phase  estimation  error  variance  to  various  decoding  loss  functions 
and  thereby  obtain  demodulation  loss  curves,  and  finally  (4)  Derive  specifica¬ 
tions  on  adequate  phase  noise  performance  for  transmission  and  receive  facilities 
(('f  ihi'  Phase  11  I)S(  S). 

The  use  of  EEC  is  suppressed  carrier  systems  allows  signaling  at 
extremely  low  energy  per  bit  to  noise  density  ratios,  thus  carrier  phase 
estimates  must  have  additional  signal  processing  gain  to  provide  immunity 
against  a  relatively  large  amount  of  AWGN.  This  leads  to  requirements  for 
extremely  small  bandwidths  for  carrier  phase  estimation  and  therefore 
places  additional  restrictions  on  the  allowable  level  of  phase  noise. 

The  problem  of  estimating  coherent  PSK  system  performance  in  the 
presence  of  thermal  noise  and  phase  noise  may  be  formulated  more  precisely 
by  the  following  mathematical  representation.  A  typical  receiver  signal  in  a 
suppressed  carrier  coherent  PSK  modulation  system  is; 

r(t)  =  V(t)  +  n(t) 


whtre 


V(t) 


and 


n(t) 


V 

o 


V  -  <(t) 
o 


sin 


2ry  t 
o 


2-k 

m 


(5©(t)  il 


an  additive  whlf^  gaussian  noise  (AW'GN) 


the  nominal  amplitude 


the  nominal  frequency 


ni  =  the  maximum  number  of  phase  positions  (e.g.,  m  =  4  QPSK) 

k  =  0,l,,,m-l  determines  the  modulation  angle  in  the  intcr\al  (t,  t-T) 

'i'  =  an  arbitrary’  but  fixed  phase  offset 

t(t)  =  an  amplitude  noise  fluctuation 

ft<|)(li  the  phase  noise  fluctuation  including  all  amplitude  fluctuations 
which  have  been  passed  through  AM  to  PM  conversion  dc\ices. 

Assuming  that  «  1,  amplitude  fluctuations  can  be  ignored.  Since 

the  constant  angle  i]/  is  either  known  or  can  be  estimated,  its  effects  may  be 

A 

ignored.  If  the  estimate  of  the  phase  noise  term  oc^t)  can  be  made  accuratelv 
{i.e.  ,  |8(f)(t)  -  6<^(t)(«5<^(t)},  then  the  effects  of  phase  noise  can  be  minimized. 

A 

yif  course  carrier  phase  estimates  5<^(t)  will  be  less  than  perfect  since  they 
must  be  made  in  the  presence  of  AWGN  and,  in  the  case  of  suppressed  carrier 
system,  simultaneously  in  the  presence  of  phase  modulation.  Errors  in  carrier 
phase  estimates  which  are  induced  by  AWGN  can  be  minimized  by  using  an  esti¬ 
mator  with  long  averaging  time  (small  bandwidth).  However,  if  the  phase 
fluctuations  8<f)(t)  contain  high  frequency  spectral  components  with  high  energy 
content,  a  phase  estimator  with  short  averaging  time  (large  bandwidth)  is  re¬ 
quired  leading  to  a  conflicting  set  of  constraints  and  an  optimum  averaging 
time  (bandwidth)  for  optimum  performance. 
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SECTION  2  -  SYSTEM  DEFINITIONS.  PHASE  NOISE  TERM1N0LCX}Y 
AND  THE  IMPACT  OF  ANY  COLOR  PHASE  NOISE  ON  PARTIALLY 
COHERENT  PSK  SYSTE M 


2.1  SYSTEM  DEFINITIONS 

In  a  complex  satellite  communication  system  such  as  the  DSCS  which  uses 
convolutional  (rate  1  2)  and  differential  encoding  together  with  M-ary  (M  2,  -4) 
PSK  modulation,  a  common  source  of  confusion  is  the  terminology'  used  by 
different  people  to  describe  the  same  phenomenon.  One  designer's  bits  be¬ 
come  another  designer’s  symbols  especially  for  people  concerned  with  coding 
and  modulation.  Because  the  arguments  for  naming  these  items  are  extremely 
convincing,  depending  upon  the  designer's  area  of  expertise,  the  approach  used 
here  will  be  to  define  symbols  via  a  system  diagram  and  let  the  reader  change 
the  names  to  suit  his  requirements. 

Figure  2-1  depicts  the  general  system  diagram.  Since  the  main  item  of 

interest  here  is  the  modulation-demodulation  system,  the  term  modulation  bits 

at  rate  R  ,  is  used  to  describe  the  input  transition  rate  to  the  M-ary  modulator 
mb 

which  then  produces  modulation  symbols  at  rate  R  .  Henceforth,  unless  other- 

ms 

wise  stated,  all  references  to  symbols  or  symbol  rate  refer  to  modulation 
symbols  and  alt  references  to  bits  refer  to  modulation  bits  as  described  above. 

2,  2  PHASE  NOISE  TERMINOLOGY 

Another  source  of  confusion  may  arise  from  the  specification  of  oscillator 

phase  noise  spectral  density.  In  this  memorandum  the  definition  which  has  been 

used  is  a  1 -sided  spectrum  at  low  pass  (at  baseband)  as  defined  by  the  symbol 

S,  (f)  and  in  Figure  2-2(a).  Other  possible  representations  of  phase  noise  spec- 
00 

tral  density  are  given  by  Figures  2-2(b,  c,  d).  Many  hardware  developers  choose 
to  display  phase  noise  spectral  density  by  plotting  only  the  upper  sideband  of 
Figure  2-2(d).  The  ordinate  is  then  referred  to  as  single-side  band  noise  to 
carrier  ratio  and  sometimes  denoted  as  £(f).  No  problems  arise  as  long  as  it 
is  clear  which  spectral  density  representation  is  being  used.  ^ 
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2.  Phase  Noise  Density;  Definitions  Adopted  in  This  Report 
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2.3  GENERAL  IMPACT  OF  ANY  COLOR  PHASE  NOISE  ON  PARTIALLY 
COHERENT  PSK  SYSTEMS 

The  introduction  of  this  report  has  indicated  that  a  demodulation  perfor¬ 
mance  tradeoff  exists  between  a  design  which  efficiently  tracks  out  phase  noise 
perturbations  present  on  the  transmitted  PSK  signal  and  a  design  that  excludes 
as  much  thermal  noise  as  possible.  A  common  misunderstanding  in  the  design 
and  description  of  coherent  PSK  communications  is  that  the  effects  of  a  white- 
oscillator  phase  noise  process  on  the  transmitted  signal  may  somehow  be 
treated  as  an  equivalent  additive  thermal  noise  at  the  receiver  front  end.  The 
distinction  between  these  two  phenomena  may  be  seen  from  the  following 
arguments.  Phase  noise  results  from  multiplicative  processes  which  cause  a 
pure  rotation  of  the  phase  reference  relative  to  the  PSK  decision  region  struc¬ 
ture.  Since  a  rotation  affects  decisions  on  any  transmitted  PSK  symbol  in 
precisely  the  same  manner,  i.  e. ,  independent  of  the  symbol  phase,  it  is 
possible  by  estimating  the  angle  of  rotation  of  the  phase  reference  to  compen¬ 
sate  for  phase  noise  effects.  The  phase  component  caused  by  the  additive, 
thermal,  noise  affects  the  signal  in  a  different  manner.  That  is,  a  particular 
thermal  noise  waveform  will  cause  a  phase  rotation  the  magnitude  and  direction 
of  which  is  dependent  upon  the  received  PSK  symbol  phase.  Therefore,  phase 
rotation  of  the  reference  caused  by  thermal  noise  cannot  be  removed  in  a  way 
that  is  independent  of  the  receiver  symbol  sequence  as  in  the  case  for  carrier 
phase  noise. 

Since  the  ultimate  aim  is  to  coherently  detect  the  transmitted  PSK  modu¬ 
lation  angle  (data  symbols)  with  as  few  errors  as  possible,  it  is  desirable  to 
maximize  tracking  of  the  carrier  phase  noise  process  (including  the  flat  (white)* 
portion  of  the  spectrum)  simultaneously  excluding  as  much  additive  thermal 
noise  as  possible. 


•Of  course  If  the  entire  oscillator  phase  noise  spectrum  is  flat  (white)  and 
high  level,  the  discussion  of  coherent  system  is  absurd. 
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It  is  shown  in  Section  3  and  in  [6]  that  the  demodulation  process  usually 
involves  a  matched  filter  or  integrate-and-dump  filter  which  suppresses  the 
effects  of  errors  in  the  carrier  phase  reference  at  frequencies  beyond  one-half 
of  the  PSK  symbol  rate.  Thus,  the  most  desirable  carrier  phase  tracking 
system  should  track  as  much  of  the  phase  noise  process  (including  the  flat 
portion  of  the  phase  noise  spectral  density)  as  possible,  within  a  bandwidth 
equal  to  one-half  of  the  symbol  rate,  simultaneously  excluding  as  much  additive 
thermal  noise  as  possible. 

It  is  tacitly  assumed  that  when  designing  a  coherent  PSK  system  the  design 
is  ultimatelv  limited  by  thermal  noise  effects  on  the  phase  reference  rather  than 
by  phase  noise.  That  is,  by  increasing  the  carrier  tracking  system  bandwidth, 
in  an  attempt  tc'  track  all  the  desired  carrier  phase  information,  additional 
additive  thermal  noise  enters  the  system  degrading  the  coherence  of  the  carrier 
phase  reference  and  ultimately  increasing  the  total  demodulation  loss.  Thus, 
a  trade-off  in  carrier  tracking  bandwidth  may  be  established  which  minimizes 
the  total  demodulation  loss  due  to  the  untracked  portion  of  carrier  phase  noise 
and  that  due  to  thermal  noise  corruption  of  the  carrier  phase  reference.  The 
preceding  results  are  derived  analytically  in  Section  3. 
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SECTION  3  -  EFFECTS  OF  ADDITIVE  GAUSSIAN  NOISE 
AND  PHASE  NOISE  UPON  COHERENT  PSK  DEMODULATION 


3. 1  ANALYTICAL  STUDIES  AND  TRADEOFF  ANALYSES 

Multiplicative  noise  on  the  received  signal  and  its  residual  effects  upon 
(partially)  Coherent  PSK  signal  demodulation  are  investigated  in  this  section.  The 
muliiplicative  noise  or  phase  noise  originates  from  frequency  converters  imix- 
er.s)  in  which  the  signal  is  multiplied  with  another  signal  containing  either  phase 
noise  or  adciiti\e  noise  which  causes  phase  noise  as  the  signals  are  multiplied. 
Another  source  is  AM  'PM  conversion  that  is  produced  by  certain  system  com¬ 
ponents,  e.g.,  TWTs,  The  phase  noise  process  generally  includes  both  random 
and  deterministic  components  (spurious  signals). 

The  statistical  information  about  phase  noise  is  generally  limited  to  the 
second  order  statistics,  i.  e, ,  the  phase  noise  process  is  specified  by  its  power 
spectral  density.  By  using  6-function  formalism  one  can  also  include  the 
spurious  components  in  the  density  spectrum.  Based  on  physical  characteristics 
of  signal  oscillators  the  power  spectral  density  S  ^  ^  (f)  of  the  phase 
noise  process  o(t)  is  of  the  form 

h,  h„  h 
12  3 

S  (fy  h  •  T  '  "T:  ’  ;  continuous  spectrum 

o<P  Of  j,2 


N  „2 


•  ^  6(f  -  fj^)  ;  discrete  spectrui 


k  1  2 

HereS,  (f)isdefined  as  the  one-sided  (f  >  0)  spectrum  that  would  be  obtained  if 
00 

the  oscillator  output  signal  was  coherently  demodulated  (translated  to  baseband! 
by  a  perfect  reference  signal.  The  first  four  terms  containing  values  of  {h^l 
specify  the  continuous  spectrum,  while  the  {^^“'2]  are  the  powers  of  spurious 
signals  relative  to  the  total  signal  power  at  the  offset  frequencies  f^^. 


Ho\vt.'Vfr,  in  many  cases  the  output  signal  from  an  oscillator  Is  filtered  to  re¬ 
duce  the  phase  noise  power  thereby  modifying  the  spectral  representation. 

We  are  not  directly  interested  in  the  phase  noise  sources  but  rather 
the  resulting  phase  noise  (multiplicative  noise)  present  in  the  received  sig¬ 
nal  influencing  the  PSK  symbol  demodulation.  In  general,  the  phase  noise 
process  of  the  received  signal  will  have  a  power  spectral  density  with  spectral 
components  given  in  Equation  (3-1).  Therefore,  the  spectral  density  S^^(f)  of  the 
jihasc  noise  process  ©(t )  at  the  receiver  input  lends  itself  to  the  determination  of 
the  influence  or  degradation  of  the  PSK  demodulation  performance  since  from  it 
the  phase  error  variance  at  the  point  of  the  symbol  decision  can  be  obtained. 

With  this  variance  at  hand  we  can  determine  the  equivalent  power  loss  caused  by 
th<  phase  noise  in  accordance  with  |2],  [6)-|8). 

First,  assume  that  PSK  demodulation  is  performed  with  a  carrier  refer¬ 
ence  which  is  not  corrupted  by  thermal  noise  but  does  not  contain  information 
about  the  phase  noise  process  on  the  received  PSK  signal.  In  this  case  the 

phase  noise  variance  o~  due  to  phase  noise  at  the  symbol  decision  point  is  given 

pn 

by 

00 

I  S^^fOlMlfll^df  <3-2. 

where  Mif.  is  the  frequency  transfer  function  of  the  PSK  demodulator  (usually  a 
matched  filter..  Equation  (.3-2)  is  an  approximation  that  is  valid  when  the  am¬ 
plitude  of  the  pha.se  noi.se  process  o(t)  is  small.  A  few  simple  relationships 
show  how  Equation  (3-2.  is  derived.  For  an  arbitrary  phase  angle  6  we  have 

if©  ■  ®(t)]  i9  i0(t) 

-  e'^  |1  ♦  ipfti) 

provided  o(t)  <  <  1.  With  the  impulse  responses  m(t)  of  the  filter  M(f)  being 
normalized  so  that  /  m(t)  dt  1,  i.  e.,  M(0)  1,  the  output  of  the  detection  filter 
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J  m,.  -  T,  e'l®  ■  dr 

ie 

-  e  1 1  •  i  J  m(t  -  T)  0(T|  dT] 

2:  exp{i|e  •  J  m(t  -T*0(T)  dTl(  (3-4i 

sincH’  Oiti  <  <  1  also  implies  that  /  m<t  -  T)  0(ti  dr  <  <  1.  This  shows  that  the 
di-moclulation  filler  acts  as  a  linear  filto**  on  the  phase  process  0(t),  pro\  idofi 
iho  amplitude  of  Od)  is  small. 

A  common  receiver  implementation  uses  an  integrate  and  dump  circuit  as 
a  detection  filter.  The  integration  operation 

T 

1  s 

^  (3-5i 

s  0 


o\er  the  modulation  svmbol  period  T  corresponds  to  the  filter  characteristic 

s 


M(fi 


sin  tr  f  T 

3 

tr  f  T 


ifffT_ 
e  s 


(3-61 


With  this  detection  filter  Equation  (3-2)  takes  the  form 

2 


pn 


f  s, 
0 


/sin  trfT  \ 


df 


(3-r, 


^  ■ 

An  attempt  to  evaluate  this  integral  with  S^(f)  according  to  Equation  ^2- 1 1  will 


Yield  an  unbounded  variance  a"  unless  h, 

pn  1 


h  =  0.  Since  at  least  one  of 

O 


those  parameters  will  not  vanish  in  a  real  system  application,  a  system  using  a 
carrier  reference  which  does  not  contain  information  about  the  phase  noise  pro¬ 
cess  on  the  received  PSK  signal  is  impossible.  It  is  obvious,  however,  that 
noisi  would  have  no  effect  if  the  carrier  reference  signal  tracked  the  phase 
noise  perfectly  to  remove  its  influence. 

A  phase-locked  loop  implementation  of  the  carrier  reference  signal  will 
track  slow  changes  in  the  received  carrier  phase  and  will  therefore  at  least 
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partially  track  the  phase  noise  process.  Increased  tracking  ability  is  obtained 
by  increasing  the  phase-locked  loop  bandwidth.  However,  this  will  make  the 
phase  estimate  more  noisy  due  to  less  filtering  of  the  additive  channel  noise. 
Therefore,  a  trade-off  between  phase  noise  tracking  and  filtering  of  additive 
channel  noise  is  required  to  determine  the  optimum  phase-locked  loop  bandwidth 
that  will  yield  minimum  performance  degradation  in  the  PSK  demodulation  pro¬ 
cess.  To  perform  this  trade-off  analysis  we  have  to  consider  the  particular 
fre()uencv  characteristic  of  the  phase-locked  loop  as  well  as  its  resulting  noise 
bandu  itith,  B  . 

u 

Now  gi\en  the  closed-loop  phase-locked  loop  transfer  function  H{f),  the 
spt’ctral  densities  at  various  points  of  the  phase-locked  loop  and  demodulator 
circuits  can  be  determined  (see  Figure  3-1).  The  spectrum  associated  with  the 
input  phase  noise  process  at  various  points  is  obtained  by  multiplyingS  (1;  uy 
the  absolute  square  of  the  frequency  transfer  function  to  the  specific  point  of 
interest.  In  particular,  the  phase  noise  spectrum  at  the  input  to  the  symbol  de¬ 
modulator  filter  is  given  by 

S6o(ni  1  -  H(f)  (3-si 


The  additi\e  Gaussian  noise  will  also  cause  phase  noise  via  the  phase-locked 
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loop.  Its  spectrum  at  the  demodulator  filter  input  is 


lH(f)  r  (f  >0) 

s  s 


(3-9i 


where  F  R  equals  the  received  carrier  power.  Thus  at  the  mixer  output  before 
s  s 

the  demodulation  filter  we  have  the  total  phase  noise  density 

S  S 


This  implies  that  the  total  phase  noise  variance  at  the  output  of  the  demodulator 


partially  track  the  phase  noise  process.  Increased  tracking  ability  is  obtained 
by  increasing  the  phase-locked  loop  bandwidth.  However,  this  will  make  the 
pha  se  estimate  more  noisy  due  to  less  filtering  of  the  additive  channel  noise. 
Therefore,  a  trade-off  between  phase  noise  tracking  and  filtering  of  additive 
channel  noise  is  required  to  determine  the  optimum  phase-locked  loop  bandwidth 
that  will  yield  minimum  performance  degradation  in  the  PSK  demodulation  pro¬ 
cess,  To  perform  this  trade-off  analysis  we  have  to  consider  the  particular 
fre((uenc\'  characteristic  of  the  phase-locked  loop  as  w'ell  as  its  resulting  noise 

bandwidth,  B  . 

C 

Now  given  the  closed-loop  phase-locked  loop  transfer  function  H(f),  the 
spectral  densities  at  various  points  of  the  phase-locked  loop  and  demodulator 
circuits  can  be  determined  (see  Figure  3-1).  The  spectrum  associated  with  the 
input  phase  noise  process  at  various  points  is  obtained  by  multiplyingS  (1;  uy 
the  absolute  square  of  the  frequency  transfer  function  to  the  specific  point  of 
interest.  In  particular,  the  phase  noise  spectrum  at  the  input  to  the  symbol  u'  - 
modulator  filler  is  given  by 

1  -  H(f)  1  ^  (3-si 


The  additi\e  Gaussian  noise  will  also  cause  phase  noise  via  the  phase-locked 
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loop.  Its  spectrum  at  the  demodulator  filter  input  is 


N 

o 


E  R 
s  s 


I  H(f)  i"  (f  >  0) 


(3-9i 


where  E  R  equals  the  received  carrier  power.  Thus  at  the  mixer  output  before 
s  s 

the  demodulation  filter  we  have  the  total  phase  noise  density 

S  S 


This  implies  that  the  total  phase  noise  variance  at  the  output  of  the  demodulator 


.irions  Points  of  a  ([’artiallyi  Coherent  I’SK  Pocoivi  i- 


filter,  an  intcRrate  and  dump  filler,  is  given  by 


2  2  2 

0  O  -  O,, 

lot  pn  th 


(3- 10a/ 


\vlie  re 


0“  /  (f);  1  -  H(f> 

pn  ^  dp  ■ 


df 


(.3- 10b  I 


and 


0.1  / 


th  '  E  R 
0  s  s 


H(f) 


df 
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Figure  3-2  shows  the  general  characteristics  of  |  H(f)  ]  and  ^  1  -  H(fi  “and 

2 

indicates  that  the  effect  of  S^^(f)  is  reduced  for  low  frequencies  since  |l  -  H(f)| 

approaches  zero  for  decreasing  frequencies.  In  other  words,  the  phase-locked 

loot)  partially  tracks  the  low  frequency  components  of  the  phase  noise  process. 

2 

The  more  the  low  frequency  region  is  suppressed  by  i  1  -  H(fi  j  ,  the  less  the 

2 

phase  noise  variance  o  resulting  from  the  phase  noise  process  0(t).  On  the 

pit  2 

other  hand,  this  increase  will  make  the  variance  o  ,  larger  since  the  area  under 

2  ^^2 
,  H(fi  "  w  ill  be  larger.  Therefore,  to  minimize  the  total  variance  o  ,  the 

tot 

closed-loop  filter  characteristic  H(f)  should  be  judiciously  chosen. 

_3 

In  general,  S^^(f)will  contain  the  f  component  |i.e.,  h  >  0  in  Equation 
(3-li|  that  suggests  that  [  1  -  H(f)  ]  should  approach  at  least  as  fast  as  f  .  This 
requires  a  second-  or  higher-order  phase-locked  loop  implementation.  Con¬ 
sidering  that  we  know  only  that  the  phase  noise  spectrum  S^^(f)  is  dominated  bv  a 

spectrum  of  the  form  in  Equation  (3-1),  a  good  system  solution  is  given  by  a 

2 

filter  that  makes  j  1  -  H(f)  j  maximally  flat  at  f  =  0;  "Butterworth  filter.  " 


A  second-order  maximally  flat  PLL  filter  defines 


1  1  -  H(f) 


(3-11) 


,  r,  fj! 
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which  is  consistent  with  the  characteristic 


H(f) 


^  iV2  f  f 
n _ n 

^  -  \J2  f 

n  n 


niaking 


2  2  “> 
f  (f  ■  2  r, 

n  n _ 


(3-12i 


Here  is  called  the  corner  frequency  of  the  loop  and  Equation  (3-12;  represents 

a  second-order  loop.  Higher-order  PLLs  may  also  be  considered,  i.e., 

1  1  2  ,2k  2k  ,2k 

1  -  H(f)  I  =  r  (f  +  f  ).  Such  loops  are  sometimes  plagued  by  stability 

_3 

problems  and  since  a  second-order  loop  can  handle  f  phase  noise  it  represents 
a  good  system  choice.  Equations  (3-11)  and  (3-12)  are  plotted  in  Figure  (3-2 1. 

The  loop  bandwidth  B  is  directly  prop  'rtional  to  the  corner  frequency  f  , 
O'  ‘  n 

It  is  defined  as  the  equivalent  noise  bandwidth  of  H(f),  that  is, 

OD 

B  -  /  iH(f);^df 
^  0 


r  1  •  2v“  ,  f 

f  /  — p  dv  ,V  p; 

0  1  •  \  n 


■  .  3Tr  V2 
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f  -3.33 
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(3-141 


Since  f  is  directly  proportional  to  the  loop  bandwidth  B  ,  the  transfer 
n  O 

function  H(fi  is  indirectly  specified  by  B  so  the  task  of  minimizing  the  total 

2  ^ 

phase  noise  variance  o  reduces  to  one  of  finding  the  optimum  loop  bandwidth 


O 


Up  to  this  point,  no  consideration  has  been  given  to  the  fact  that  the  phase- 
locked  loop  must  be  implemented  to  operate  on  a  modulated  signal  (except  for 


.  ■■■  A' A.-, 
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auxilinrv  carrier  systems).  For  power  loops,  Equation  (3-lOb)  is  unaffected  but 

Equation  (:t-10ci  should  be  multiplied  by  T)*^,  the  degradation  factor  associated 
1 6 1  ^ 

with  powi  r  loops.  Similarly,  in  the  decision  feedback  implementation  case, 

d  f  8 

Equation  (3-lOc)  is  modified  by  the  multiplier  Tj^  for  decision-feedback  loop.  ’ 

In  any  case,  optimization  of  loop  bandwidth  requires  minimization  of  the 
total  paase  noise  \  ariancc  at  the  decision  point.  Total  phase  noise  variance  at 
the  decision  point  mav  be  written  as; 


N  T)  r  ,  ^  ^ 

L  h  f  A  .  A 


(3-15t 


where: 


and  j  0,  1,  2,  .3. 


Evaluation  of  integrals  A,  is  simplified  by  letting  a  -  IT  f^  and  '  '  ^ 


giving; 


®  4-i  /  .  \ 
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(3-17i 


Integrals  (k  4-j)  have  been  evaluated  in  Appendix  A  taking  into  account 
that  the  greatest  interest  is  for  small  a-\  alues.  Results  are  tabulated  below, 

Vn  U  '1[Z-72  '  3^1-  •  •••] 


Aj  ^-  0.24  1.04  a"  ■  ... 


See  also  Appendix  A. 
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For  small  j  valiifs  substitution  of  Kcjuations  (3-1m  into  (3-]5i  Ki\  (  s  jhi 
total  phaso  noiso  x  arianco  at  the  symbol  decision  point 
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we  mav  rewrite 
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rhi'  optimum  iiandwidth  H  that  minimizes  the  total  \ariance  a~  can  Iw 
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B  represent'-  the  optimum  bandwidth,  where 
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Gcncrnllv,  fho  ..ptimuni  handwidth  .«>Uition  is  approximated  by 
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fi.r  the  very  1  .w  symh.'l  rate>  R  .  By  im-reasinp  symbol  rates  the  optimum 
solution  of  Equation  i3-2l  •  is  closely  approximated  by 


B 

c 


that  finally  will  aptmoach 


(.'1-29) 


(3-:i('i 
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This  poncral  trend  implies  that  systems  operating  at  high  digital  rates  will  not  bo 
plagued  by  f  phase  noise  because  it  is  effcctivelv  tracked  out  bv  the  pha^c- 
locked  loop.  Having  determined  the  optimum  loop  bandwidth,  one  can  c  alculate 
the  resulting  total  phase  noise  variance  according  to  Kquation 

Before  applying  this  optimization  techniejue  to  available  phase  noise  data, 
it  is  of  great  value  to  present  the  method  by  which  the  f)ptimum  choice  of  th( 
looji  liandwidth  disti'ibutes  the  total  phase  noise  variance  between  that  due  !" 
phase  noise  on  the  received  signal  and  the  ihermallv  induced  loop  [jhase  noix  . 

For  this  juirpose  we  considei'  a  simplified  model  of  the  total  phase  noise  vai.ancc 
giv  en  by 
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and 


R 

.  3  -  efl  ^ 


(s  It 


1 2  -  2  2 1 


and  where  x  is  proportional  to  the  noise  bandwidth  of  the  loop  (see  Fcpuation  ,2-21 


In  other  words,  we  are  optimizing  the  bandwidth  of  a  phase-locked  loop  in  tlu 


-s 


|)resence  of  f  '  noise  (the 


H  R 

- r  term  or  the  h,  Jn  _ £  termt  and  additive 

,  s-1  1 

(S-lt  X  X 

■> 


noise  (the  I.x  termi.  The  value  x  of  x  that  minimizes  o~  is  the  solutum  ol 
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or 


—  ■  L—  0  (s  1) 
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(r^-34i 


\  u  lilin); 


r  ^-n/r 


(s  '•  ll 


/.T-.n5, 


<1  -r  y'L  (ssJ) 


For  IS  '  ll  tlu'  opthmini  solution  distributes  the  totiil  phase  variance  int 
the  svmho!  decision  point)  between  the  untracked  portion  of  carrier  phase  noise 
and  that  due  to  thermal  noise  in  the  proportion  d  si  to  (s-li  s  gi\  inp  the  mini¬ 


mum  total  \'ariance 


irt-STi 


For  isrili  the  optimum  solution  is  slightlv  more  complicated  due  to  the 
\ery  slow  roll  off  in  power  for  ;i  1  f  type  jihase  noise  density.  The  minimum 
total  phase  noise  \  ariance  is  obtained  usin;i  F(juation  (3-32i. 


aj  -  hj  -f  b 


I  b  , 


and  usinit  laination  i3-3<ii  ‘^ixes 


u;  ^  h, 


fl 


h  /'■  :>  li 


i.':-3tu 


Fi>r  an\  l\pieal  eohiment  PSK  svstem  it  is  reasonable  to  assunu'  that  thi' 

ratio  of  modulation  symbol  rale  to  Pl.i.  banduiifih  iR  \  i  will  be  at  least  ^  5 

s  1 

and  IS  tspieallv  ■  >  Id.  '  A.ssuminp  K  \,  or  e(|ui\ alenth  .  (H  \  i  '  l.ii 

_ s  1  s  J 

'  If  the  optimum  bandwidth  x,  *  there  is  no  riaison  to  design  a  "coherent  P.'sK 
systi  ni  sinet'  there  would  be  no  advantages  aei  rued  o\er  performance  obtaiaaMe 
from  a  differentially  coherent  PSK  system  which  would  be  much  simpler  to  im- 
plrm<-nt . 

3- 1 3 


and  usin}^  Kquntion  \hv  optimum  solution  (listrd)iitC'S  the  total  phase  n'lisc 

\ai-iani  i'  l)Ot\voen  the  untracl^crl  portion  of  earrier  pliase  noise  and  that  due  to  ther¬ 
mal  noise  in  th('  proportion  y  totl-yt  respectively  where  (.65<>'<  1). 


In  1  lu'  preiedin^  anahsis.  the  optimum  tradeoff  hetwc'en  colored  i)has( 

noisi'  li  / f  ,  ,  ^  and  thermal  noise  has  been  determined.  As  discussed  in 

1  1  1 ...  3 

Sei  tion  -  ol  this  report,  the  tradeoff  between  allowable’  white  oscillator  piiasi 
noise  and  additive  thermal  noise  is  perhaps  the  most  misunderstood  pro- 
ee’ss.  li  is  ho|)ed  that  the  following  simple  discussion  will  clarify  any  eonee)jtual 
lilt*  U'Ult\  . 

Fijuation  shows  when  the  oscillator  phase  noise  process  is  dominated 

by  white'  phase  noise  (i.e.,  h^,  >»  hj,  i  =  1,  2,  3)  the  total  phase  error  variance 
lieH  Omes ; 


tot 


R  N  B 
,  s  ,  o  o 

2  fn  li  ^ 

S 


c 


(3-  pii 


llowexer,  the  first  term  on  the  left  is  an  n|)proximation  of  the  filtered 
white  phase  noise  process  which  onlv  holds  when  the  PLL  corner  frequenev  t 

n 

IS  much  less  than  the  symbol  rtite  R  .  When  this  condition  does  ne't  hold  Lema- 

s 

tiiiii  (3-4*ii  should  be  given  as: 

/R  \  N  B 

o~  -  h  (— -f  )-f — Tj  (3-n 

tot  0  \  2  n/  '  K  R  'c  ' 

s  s 

x'.lu  i'c  it  ;i.‘-<uinc(l  that 

R  /2  >  f 

s  n 


and  that  (B  /2  -  f  Hs  the  3-dB  bandwidth  of  the  composite  iihase  noise  filter 
s  n 

ronsisiing  of  the  PI. I-  filter  and  mtegrate-and-dump  filter. 

■A  verv  interesting  result  is  obtained  by  a  simple  rearrangement. 

Noting  that  B  3.33  f  (second  order  PLL,  707) 

<p  n 


rroni  ion  il  is  seen  that  l)V  a  judic  ious  choic  e  o1  pa  ra  nu  tc  rs 

It  is  possitjU  to  eause  tlie  hraekc'ted  (|Uantitv  to  l)e  positive,  nc'Kalive.  or  zero 

thus  indic  at ini;  that  liv  incTeasinf;  the  PLL  Icandwidtli  with  a  fixe-d  svniiiol 

rale  K  ,  it  IS  possilile  to  cause  tile  ctirrier  reference'  total  phase  error  variance 
s 

to  increase,  decrease,  or  reniain  the  sa  nu',  rospecliv  cdy.  t  >f  course  ttiis  inlv 

Itolds  when  I  if  -  which  is  ;i  usual  reciuirenienf  for  coherent  PSK  (lenioflu):/- 
n  s 

i  ion. 

If  a  set  of  parameters  fiiven  are  such  th.at  the  bracket  quant itv  is  negative, 
and  the  optimum  PLL  tiandvvidth  thus  aijproaehes  the  symbol  rate  inoise  averaged 
over  onlv  one  symbol  durationi  it  is  obvious  that  coherent  PSK  demodulation  holds 
no  advantage  over  differentially  detected  PSK  since  all  of  the  noise  of  the  pre- 
V  ions  bit  interv  al  will  .appear  on  the  phase*  reference.  Should  this  situation  occur 
it  would  be  w  ise  to  sw  itch  to  a  different iallv  detected  PSK  modem  and  remove  the 
differential  decoders  normallv  used  to  resolve  the  phase  ambiguity  problem  in 
coherent  PSK  systems. 

The  preceding  results  are  summarixed  m  I'tiblc-  .T-l  which  gives  the  rela¬ 
tive  pluise  noise  distril)Ution  for  various  s-values  that  occur.  The  results  c'f  this 

-3 

optimization  akso  indicate,  for  c'xampic,  in  the  c’ase  of  dominating  f  phase' 

noi>c,  the  loop  bandwidtli  should  be  set  so  large  that  only  one-third  of  the'  tc'ial 

phase  noise  originates  from  the  earner  phase  noise.  In  addition,  even  thoui:!', 

only  one  phase  noise  char.aeti'ristic'  was  considered  here'  (f  phase  noisei. 

it  is  clear  that  from  n  bandwidtl)  optimization  point  oC  view  the  important 

consideration  is  the  e  ha  raete  r  isi  ie  of  the  phase'  noise  .ibout  the'  corni'r  frecjuencv 

f  of  the  loop  (sc'e  Lciuation  (3-lOti.  From  a  purely  anahiieal  point  of  view,  it 
n 

can  be  argued  that  the  only  things  that  matter  to  achieve  the  MMSL  is  the  dif- 
fc'rential  gain  or  loss  of  the  total  phase  noise  variance  obtained  by  varying  the 
loop  bandwidth. 


ANAl.YTR  AL  Oil' FlcT  l.TIKS  AND  TilFlR  KKSOLl  TJD.\ 


Till'  ;innlv(  u:il  opt  i  mi /'at  ion  prucc-diins  di'scr  ibt-d  in  thf  preceding  Motion 

ossiimo  wi’ll  iR'htncd  spi'ctnd  donsitv  shapes  with  nionotonically  no;.-inc  rc.i'-int; 

densit\  \  ersiis  irepiienes  and, also  assume  inlep,er  values  for  the  e.vjioncni  v.hieh 

(U  •si'fil'es  the  slope  ul  the  iihtise  noisi-  I'urve.  It  becomes  a  ipa  relit,  ho\\e\(  i- 

froiii  measured  perfoni.anet-  data  that  various  filtering  techniques  used  in  real 

equipment  do  not  al\va\s  pro\  id  sueh  well  btdiaxa'd  phase  noisi'  spectra,  i'v  " 

teehni(|ii(.'s  are  available  to  su’iiplani  the  preceding  analv-sis  when  neee> -- a n  . 

(  me  technique  which  is  eurrentU  tixaihdile  is  a  Rraphical  solution  to  the 

equations  of  tin'  pi'i'cedinu  'ceiion  leomputer  inleartUioni  and  the  second  tech- 

1121 

nitjUe  is  a  state  \  ;iriable  sidution  to  the  phase  noise  problem.  The  state 
varialile  solution  also  provides  the  eaiKiliility  for  studyinp  the  effects  of  time 
gated  operation,  required  for  TDMA  systems.  However,  computer  graphical 
procedures  are  perhaps  the  most  straightforward  and  can  be  accurate  for  I  DMA 
systems  over  a  specified  range  of  parameters  as  discussed  in  Paragraph  of 
this  report. 

In  any  event,  the  solutions  derived  in  the  preceding  section  provide  gin. it 
insight  into  most  oi  the  systematic  variations  e.\perienced.  In  the  folloumg 
sections,  any  one  of  the  preceding  analytical  tools  is  used  depending  upon 
which  is  judged  best  for  the  ptirtieular  application. 


SKCTION  -1  -  OPTIMI  M  PKRroHM ANCl.  OF  1U>SK  ANIXjPSK 
SIGNALINC;  \VI  i  ll  \'lTi:iUU  (KA'I  i;  1  J,  K  IJ)  (  01.)1.\(,  IN  i  111 

]mg:si  Nci;  of  oscmi.latou  phasi.  nqisi  kxpkc  i’  d 

FOR  TKHMINALS  OF  Till.  DSCS 


;.l  OI'IIMIM  PFHFOHMANCK  RFSFl.TSWnil  J  i  RMINAI  SOF.I  V1N(;  1  111 
■'in -M  )  "  MOniFll.I)  PllASF  NOISI  SPI  C'll'IC  A'l K  i.\ 

Siiii  c  tlu'  ol  prai  lical  colu  riaii  PSIn  nuniulation  li.  LliniC)Ui  '  for  tla 

I'SFShas  hoon  ixiatix'oly  rcc'ont.  llio  ■'oriaiiia!  jjhasc  noiso  specification-  for 
t)u'  1!'1'-M  1  earth  terininals  of  llu-  1)SC'S  were  <!eri\eil  fron.  an  incident, d  FM 
modi']  .IS  stated  lii'low  in  a  para'arapii  from  S('A-_’o-n.A. 

Incidental  FM.  I'ransmitted  carrier  and  reci  ice  carriers  after  fretpu  nc> 

translation  shall  be  spectrally  pure  so  that: 

Af  N  f  is  not  ureaier  than  2  11/  sciutired  for  v  alues  of  f  Ixtvvecn  1.  "  11/ 
in  m 

and  JO  H,'.,  For  values  of  f  alxave  Jo  il/  Af  .shall  not  exceed  o.  i  h,.  p) 

111 

the  value  of  f  where  the  sinRle-sided  phase  noise  densitv  to  siimal  ratio 
m  ■  ■ 

eputds  -lo.',  dp.  The  -lo.')  i]p  siniile-sided  phase  noise  density  to  siirnal 

rtitio  shall  not  be  exceeded  from  lo  klF.  lo  oJ.3  Mil/  on  either  side  of 

ctirrier  Af  peak  deviation  of  the  carrier  f  deviation  rate. 

in 

Fsinp  this  model  the  IFl'-M'F  sinpie  sidelxmd  pliase  noise  f  ,f.  was  derived  ^ 

-■1 

.ind  is  shown  in  Fipure  -1-1.  It  is  knovvai,  however,  that  the  f  phase  noi-e  indi- 
c.ited  in  elose  to  the  carrier  is  unrealistic  pivtai  currently  av  ail.dile  oscilFitors 
•ind  tint  this  type  of  speotr.d  shape  is  due  to  the  assunu'vl  valiilitv'  of  tlU'  im  ident.i 
I  FM  iiukIcI.  Frequenev  s\ ntliesi/ers  are  known  to  jirov  ide  an  f  ^  densitv  closi 
to  tin  carru  r  and  are  uliimati  ly  limiti-d  by  the  effects  of  eithi  r  crystal  or  .uo'-  k 
stmid.ird.s  wliii  li  exhibit  f  phase  noise  characteristics  extrenu  lv  closi  O'  tlu 
e.irrier.  riui-,  the  11  1  -M  1  specification  h.is  been  modifud  for  the  purpi'Si  s  I't 
till-  memor.induni  as  showai  Iw  the  broken  line  eurvi'  of  Fipnre  1-1  l.iU  lKd.  11  I  - 
M  l  -  modii  1  .It  ion. 
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Rased  on  this  modified  specifieation,  the  total  phase  noise  variance  ni\  en 

li\  l\(iuation  lias  been  <lelerniinc‘d  usin^  the  optimum  bandwidth  solution  of 

Kiiuation  (3-lil).  The  variance  has  teen  calculated  usint;  Ixith  deci -.ion-feedback 

and  powi  r  loop  implementations  for  two  and  three  times  the  terminal  phase 

noise  according  to  the  specification,  since  two  terminals  and  one  sate  Hilt  art 

alwa\  s  intohed.  This  calculation  is  used  because  reliable  jihast  noise  data 

al)Out  the  satellite  is  not  available.  (Some  very  sketch\-  and  incomplete  inlor- 

matioii  pertaining  to  the  satellite  phase  noise  is  available,  but  by  nealec  tinL.  the 

satellite  influence  and  equating  the  satellite  as  one  terminal,  the  influent  e  of 

the  s;ii^.iiiu'  can  be  assessed.  i  I'i;aures  throuith  1-5  illustrate  results  for 

two  and  three  terminals,  pow'cr  PLLs,  decision-feedback  loops,  and  also  lor 

both  BPSK  (M  =  -  I  and  QPSK  (M  -  4i  operations.  Demodulation  losses  lia\e  txen 

plotted  as  a  function  information  bit  rate  R.,  for  --level  soft  decision  i3-biti, 

lb 

rate  1  j,  constraint  length  7,  Viterbi  dccodint;  followed  by  differential  decoeliny 
with  a  resultant  RKH  D'  . 

A  loss  cutoff  of  d,-’  dB  has  been  drawn  in  the  fiiiures  to  indicate  allowable 
re;j,ions  of  operation  for  the  various  configurations.  The  upward  trend  in  tlu 
loss  curves  with  hitih  data  rates  are  caused  by  the  white  phase  noise  floor  shown 
in  I'iuure  4-1 . 

Fieures  4--’  through  4-5  show  that  when  carrier  recoveiw’  is  prov  ided  liy 
decision  feedback  loops  a  reduction  in  demodulation  losses  is  obtained  as  co;v. - 
jiared  with  results  for  power  loop  implementations.  However,  significant 
i  ir.iirnv  V  ini'nt  is  only  obtained  with  t^PSK  w  ith  negligible  improvement  noiv  d  w  itli 
I'.PMn. 

I  .dile  S-1  contains  a  summary  of  (K’rmissible  iihJ  dB  m;L\imuni  loss 
rati  s  loi-  two  U'rminals  and  one  ecmivalent  satellite  all  conforming  to  the  11  1- 
M  1  modulation  phase  noise  specifications  (Figure  4-1  i. 


LOSSltois 


Tables  D-1  through  D-s  provide  back-up  data  for  the  results  shoun  in 

Figures  -1-1  through  1-5.  However,  the  tabulutetl  results  are  expressed  as  a 

function  of  modulation  bit  rate  R  ,  as  compared  to  information  bit  rau  H  , 

mb  it) 

sho\sm  in  the  figures  where  the  two  parameters  are  related  as.- 

R.,  =  R  , 

lb  mb 

In  the  tables  the  optimum  liandwidth.  total  phase  noise  variance  and  its 

o 

two  components  (thermally  induced  loo)i  phase  noise  and  the  untrackerl 
portion  of  the  composite  oscillator  phase  noise  spectrum  g'ven  a-^ 

a  function  of  the  modulation  bit  rate. 

Also  tabulated  are  the  demodulation  losses  that  would  be  experienced 

when  using  ’'-level  soft  decision  (3-bit),  rate  1  '2,  constraint  length  K  -  7. 

Viterbi  decoding  followed  by  differential  decoding  based  upon  two  different 

appri'ximations  to  the  probability  distribution  of  phase  tracking  error  experi- 

^8) 

cnccd  in  a  PLL.  '  Results  based  on  a  Gaussian  approximation  are  easilv 

calculated  but  are  onlv  valid  for  small  losses  as  shown  in  the  tables  while  the 

'2' 

results  using  a  Tikhonov  approximation  '  '  are  valid  when  the  losses  are  less 
than  fi  dB. 

4.  2  OPTIMUM  PERFORMANCE  WITH  REALISTIC  TERMINAL  PHASE  NOISE 

4.2,1  Phase  Noise  Synthesized  Using  Comtcch  Lab.,  Inc.  L-Band  Oscillator, 
Fluke  Frequency  S\mthesi/.er  and  Selected  Atomic  and  Crystal  Standards 

Figuri'  4-(i  shows  the  general  structure  for  deriving  a  7soo-MH.’  signal 
from  a  ."i-MH/.  standard  and  Figure  4-7  shows  their  corresponding  single  side¬ 
band  phase  noise  densities  at  7''Oo  MH/..  *  * 


■See  ApjH-nilLX  A.  , 

'It  should  be  nou-d  that  for  straight  frequency  multiplication,  10  log  M”  (dPt 
where  M  new  frequency/ old  frequency  is  added  to  original  stx'cifications 
when  required. 


irid  rvst.il  11"  ;it  7x00  MM/ 


The  Hewlett  Packard  HP  50G1  and  the  Oscilloquartz  SA 

have  been  chosen  as  representative  of  state  of  the  art  portable  cesium  beam 
standards  and  high  quality  crj-stal  references,  respectively. 

As  noted  by  Hewlett  Packard,  GO  second  time  constant  operation"  (see 
Figmre  4-5)  requires  a  carefully  controlled  environment.  Therefore,  for  field 
operations  the  1  second  time  constant  operation  seems  practical.  Since  it  is 
exqx'cted  that  the  optional  (004)  beam  tube  may  be  used  in  the  Phase  II  DSCS, 
results  obtained  here  wall  pertain  only  to  the  optional  004  beam  tube  with  a  1 
second  time  constant. 


At  this  point  in  time  it  is  not  known  whether  the  Oscilloquartz  B54(m 
crj’stal  could  meet  its  specified  performance  (Figure  4-7)  under  field  conditions 
however,  for  the  purpose  of  illustration  it  will  be  assumed  that  these  conditions 
can  be  satisfied  with  adequate  margin. 


A  Fluke  61G0  A/  AO  frequency  synthesizer  has  been  chosen  as  representa¬ 
tive  of  high  quality'  synthesizers  and  provides  the  required  flexibility  with  res¬ 
pect  to  frequency  assignment.  It  is  assumed  that  the  standard  drives  the  synthc 
sizer  and  only  wideband  phase  locking  (^100  kHz)  is  involved  within  the  synthe¬ 
sizer.  In  accord  with  discussions  betw'een  CSC  and  a  Fluke  representative,  and 
as  verified  by  Comtech,  a  three-pole  filter  with  3-dB  corner  frequency  at  _’i)(i 
Hz  exists  within  the  synthesizer. 


Single  sideband  phase  noise  data  for  the  Fluke  synthesizer  has  not  Ix-en 
shown  directly  in  Figure  4-7.  However,  it  is  incorporated  in  the  measured 
data^^*’^  pro\  icied  by  measurements  of  a  Comtech  Lab.  L-band  oscillator  dri\  en 
by  a  Fluke  GIGOA,  AO  synthesizer  and  the  measured  data  is  shown  by  the  dotted 
curve  of  Figure  4-7  designated  here  as  Comtech  (Wideband  Modei.^^*’^  Using 
|1G|  and  Fluke  data,  the  dotted  curve  below  frequencies  -100  kHz  is  dominated 
by  synthesizer  noise  and  above  100  kHz  is  dominated  by  L-band  oscillator  noise. 

•This  time  constant  refers  to  the  bandwidth  at  which  the  internal  5 -MHz  crystal 
is  locked  to  the  cesium  beam  tube. 
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Mcasurc-ci  data  provided  by  t'omtech  Inc.  is  valid  in  the  region  I'l  H/.  - 

10  MH/  and  since  phase  noise  data  is  required  beyond  10  MHz  it  has  )x-en 

2 

assumed  that  as  a  worst  case  a  phase  noise  floor  exists  at  -15:i  dB  rad”  Hz. 

In  summary,  two  s_\Tithesized  phase  noise  curves  (labcdled  "cesium  11  " 
and  "crystal  H  "  in  Fipure  -4-7)  will  be  evaluated  for  fjeneration  of  T^oo  MHz 
frequency  up  conversion  or  down  conversion  chains.  The  "  cesium  11"  curve 
corresponds  to  a  frequenc'  'onversion  chain  driven  by  the  HP  foioi  a  with 
optional  cesium  beam  and  with  1  second  time  constant.  The  resultant 

sinule  sideband  phase  noise  is  showm  in  Figure  -3-7  and  consists  of  three  sec¬ 
tions  with  frequencies  below  3tio  Hz  dominated  by  the  atomic  standard  fre- 
ciuencies  from  3(Hi  Hz-lP  MHz  dominated  by  the  synthesizer  L-band  oscillator 
combination  and  abo\  c  Id  MHz  ^iven  by  the  assumed  phase  noise  floor. 

The  second  phase  noise  curve  (designated  "crystal  H"’  in  Figure  4-7i 
corresponds  to  frequency  conversion  driven  by  the  Oscillcx^uartz  SA  B54d(i 
crystal  as  shown  in  Figure  4-(i.  l"he  resultant  single  sideband  ""crystal  11" 
phase  noise  curve  consists  of  four  sections  with  frequencies  below  2  Hz  domi¬ 
nated  by  the  crystal  standard,  frequencies  between  2  Hz-300  Hz  being  a  com¬ 
posite  of  noise  from  Fluke  GIGOA,  AO  sj-nthesizer  and  crystal  standard  and 
frequencies  alxive  3d0  Hz  are  as  described  for  the  "cesium  H"  curve.  ' 

4.2.2  BPSK  and  (jPSK  System  Performance  Optimization  With  Synthesized 
Phase  Noise  Data 

To  our  knowledge  as  of  March  1!<74,  single  sideband  phase  noise  curves 
"cesium  11"  and  "crystal  IF"  generated  in  Paragraph  4. 2.  1  represent  the  most 
current  estimates  of  terminal  phase  noise  at  7s00  MHz  which  is  expected  tor 
the  iK'St  terminals  currently  under  consideration  for  operation  in  the  Phase  11 
DSrS.  Therefore  an  extensive  set  of  data  (Figures  4-S  through  4-11  and  Tables 


*A  roman  numeral  II  has  been  u.sed  here  to  differentiate  this  most  recent  data 
from  that  which  appeared  in  a  prior  memorandum. 
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D-y  through  D-17  has  been  generated  to  indicate  possible  demodulation  perform¬ 
ance  for  the  Phase  11  DSCS. 

Figures  4-s  through  4-11  illustrate  demodulation  losses  as  a  function  of 

information  bit  rate  R.,  at  the  optimum  bandwidth  for  two  and  three  times  the 

lb 

indicated  phase  noise  ("cesium  11"  or  "crj'stal  iF'i,  respectively. 

As  before  it  should  be  emphasized  that  the  tabulated  losses  are  a  function 

of  modulation  bit  rate  R  ,  while  in  the  figures  the  losses  are  plotted  as  a  func- 

mb 

tion  of  information  bit  rate  R  ,  where  R  =R  ,  due  to  the  rate  1  codin- 

lb  lb  mb,  - 

procedure. 

Results  using  "crystal  11"  phase  noise  arc  presented  only  for  the  case  of 
phase  noise  contributed  by  two  terminals  and  one  equi\-alent  satellite  since 
these  results  indicate  that  adequate  performance  (<0.2  dB  lossi  is  achieved 
with  all  configurations  (see  Figure  4-10  and  4-11)  over  the  required  range  of 
data  rates. 

It  should  be  noted  that  results  in  Figures  4-8  through  4-11  do  not  indicate 

a  maximum  information  rate  limitation  within  the  indicated  range  as  c.vpcrienced 

for  results  obtained  in  Paragraph  4.1  (sec  Figures  4-4  and  4-5i.  This  result  is 

2 

due  to  the  reduced  phase  noise  floor  of  -153  dB  rad“,  Hz  (Figure  4-7i  for  "cesium 

11"  and  "crj'stal  H"  phase  noise  as  compared  to  a  phase  noise  floor  of  -lu5  dB 
•> 

rad”,  Hz  (Figure  4-1)  assumed  for  the  HT-MT  modulation  phase  noise,  (if 

•> 

course,  if  the  -153  dB  rad”  Hz  floor  persisted  to  higher  frequencies  and  if  sig¬ 
naling  were  required  at  higher  data  rates  the  same  upward  loss  trend  at  high 
rates  would  be  repeated. 

Minimum  and  maximum  data  rates  possible  for  the  three  terminal  phase 
noisi'  contribution  either  "cesium  H"  or  "crystal  11”  have  iK'cn  summarized  in 
Table  S-1. 

Finally,  since  the  data  in  Figures  4-^  through  4-11  and  Table  S-1  repre¬ 
sent  demodulation  losses  for  phase  noise  contributed  by  two  terminals  (no 


satellite  contribution)  and  two  terminals  plus  one  equivalent  satellite,  the  data 
provides  upper  and  lower  bounds  on  expected  losses.  However,  it  is  desirable  / 
to  measure  actual  satellite-  phase  noise  to  provide  a  more  exact  picture  of 
cxqx'cted  demodulation  performance  losses  in  the  Phase  11  DSCS. 


,J 

i 

i 

‘I 


SECTION  5  -  DEMOniLATION  PERFORMANCE  OF  CURRENT 
MODI  L.ATION  SYSTEMS  OPE lU TING  IN  THE  PRESENCE  OF  PHASE 
NOISE  IN  THE  PHASE  H  DSCS 


i 


i 


1  RADUTION  INC.  RPSK  {MD-921  G) 

Hadiatidn  Inc.  has  recently  designed  a  BPSK  modem  which  is  expected  to 
be  o|X'rated  with  the  following  earth  terminals  of  the  Phase  n  DSCS, 

1.  .MSC-46  "Cpgrade" 

2.  HT-MT  "Follow-on" 

3.  TSC-54. 

Since  each  of  the  above  earth  terminals  arc  expected  to  be  operated  with 
Comtech  Lab.  up-  and  down-converters  or  terminals  meeting  the  HT-.MT 
phase  noise  specifications,  phase  noise  associated  \^ith  each  terminal  may  be 
adequately  described  by  the  curves  labeled  modified  HT-MT  of  Figure  4-1  and 
■'cesium  Tl"  or  "crystal  11"  of  Figure  4-T. 

The  Radiation  BF’SK  modem  has  been  designed  with  a  power  type  carrier 

recovery  PLL  with  a  fixed  bandwidth  B  =  1'75  Hz  and  damping  factor  C  =  1.0. 

o 

Figures  5-1  through  5-3  have  been  generated  to  indicate  expected  performance 
of  this  modem  operating  in  conjunction  with  soft*  Viterbi  decoding  in  the  presence 
of  the  modified  HT-MT  'rype  "cesium  U"  and  "crystal  11"  oscillator  phase  noise 
densities.  Tables  D-18  through  D-2,3  contain  the  numerical  support  for  these 
figures. 

As  in  the  preceding  sections,  data  rates  listed  in  the  tables  are  expressed 

as  modulation  bit  rate  R  ,  while  the  data  rates  shown  in  the  figures  are  infor- 

mb 

mation  bit  rate  where  R..  =  R  .  '2  (see  Figure  2-li. 

lb  mb 


See  note  1  of  Annex. 
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Kij^ure  5-3.  Radiation  Inc,  MD-921G  BPSK  Demodulation  Loss  |dB),  L^^^,  and 
Total  Phase  \  ariance.  cr^,  ,,  versus  Information  Bit  Rate.  R,.  (bps),  B^=  175  Hz 


It  may  be  noted  in  Fig;ures  5-1  through  5-3  that  a  0.  707  PLL  damping 
factor  has  been  used  to  generate  expected  system  performance  data  even  though 
it  has  been  stated  that  the  Radiation  modem  has  a  PLL  damping  factor  of  1,  0. 

This  change  was  effected  here  solely  to  reduce  the  costs  associated  with  com¬ 
puter  integration  of  Equation  3-lOb.  As  stated  in  |11),  a  considerable  increase 
in  compulation  cost  is  required  for  PLL  damping  factors  besides  u,  707.  .A 
comparison  of  cur\’es  of  Figures  5-2  and  5-4  (see  also  Tables  D-22  and  D-24) 
indicate  that  only  a  small  improvement  in  demodulation  performance  is  obtained 
with  a  PLL  damping  factor  of  0.707  as  compared  to  a  PLL  with  damping  factor 
of  1.  0.  Although  differences  in  performance  are  small  for  loops  with  these 
tA\o  damping  factors  at  the  specified  bandwidth,  results  are  in  accord  with 
expected  performance  from  a  mean  squared  error  criterion,  that  is,  that  optimum 
performance  is  obtained  with  a  damping  factor  of  0.  707. 

Perusal  of  Figures  5-1  through  5-3  indicate  that  adequate  demodulation 
performance  (less  than  0,2  dB  loss)  is  achieved  only  when  data  rates  are  above 
3G00  bps. 


5-5 


5.2  MAGNA  VOX  RESEARCH  LAB.,  INC.  (MRL)  USC-28  BPSK  SPREAD 

SPECTRUM  SYSTEM 

5.2.1  General 

MRL’s  USC-28  is  a  BPSK  spread  spectrum  system  which  consists  of  the 
following  basic  subsystems;  Link  Order  Wire  (1X)W),  Channel  Data  Receive 
Transmit  (R  'T),  and  a  Critical  Control  Circuit  (CCC). 

Preceding  analyses  in  this  paper  have  neglected  demodulation  losses  due 
to  phenomenon  other  than  imperfect  carrier  phase  estimation.  That  is,  losses 
such  as  those  due  to  imperfect  PSK  sjTnbol  timing  have  been  neglected.  There¬ 
fore,  as  a  continuation  of  this  simplified  analysis  for  the  USC-28,  losses  due 
to  improper  PK  code  tracking  wilt  also  be  neglected  and  only  those  losses  due 
to  imperfect  carrier  phase  estimation  will  be  calculated. 

Neglecting  PN  modulation,  Figure  5-3  shows  a  simplified  version  of  the 
time  and  power  shared  configuration  of  the  LOW  and  R/T  channels  assumed  in 
the  analysis  of  the  following  sections.  The  CCC  is  a  separate  control  circuit 
(not  shown  in  Figure  5-5), 

A  complete  analysis  of  the  USC-28  from  a  phase  noise  point  of  view  is 
provided  in  Ul>  Our  main  purpose  here  will  be  to  provide  a  simplified  system 
analysis  which  will  provide  the  basis  for  a  USC-28  phase  noise  specification  as 
discussed  in  the  summary  section  and  Section  6.  We  shall  also  briefly  indicate 
expected  system  performance  of  the  USC-28  operated  with  the  HT-MT  (AN  MSC-60) 
terminal  and  the  MSC--1G  upgrade  terminal  as  compared  to  the  results  described 
in  111  for  an  improved  version  of  the  AN  ASC-18  terminal. 

5.2.2  Phase  Noise  Effects  in  the  USC-2S 


In  Figure  5-5  it  is  shown  that  the  LOW  channel  and  R-T  channel  operate 
on  a  power  shared  basis  and  that  carrier  phase  estimates  are  derived  from  the 
LOW  and  used  for  demodulation  of  data  on  the  R-T  channel.  As  indicated  in  the 
figure,  two  models  of  the  USC-28  which  are  currently  under  discussion  are  the 
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Figure  5-5.  Worst  Case  LOW  and  R  T  Configuration 


Advanced  Development  Model  (ADM)  and  the  Fngineering  Development  Model 
(FDM).  For  the  purpose  of  our  discussion,  the  difference  between  these  two 
models  is  that  the  EDM  LOW  has  Hamming  (IG,  11)  coding  for  forward  error 
control  FEC  and  operates  at  a  fixed  BPSK  symbol  rate  of  150  S^S  while  the 
ADM  does  not  have  FEC  and  operates  at  a  fixed  rate  of  75  S/'S  (or  equivalently 
73  bps). 

The  R  T  channel  on  both  ADM  and  EDM  is  convolutional ly  encoded*  and 
has  variable  data  rates,  the  lowest  being  75  bps  (or  equivalent  150  S/Si. 

The  TDMA  duty  factor  switch  is  adjusted  to  provide  the  best  power  tradeoff 
between  LOW  and  R^T  as  a  function  of  R  T  data  rate.  As  in  preceding  analyses, 
to  determine  demodulation  performance,  we  must  calculate  carrier  phase 

9 

reference  quality  defined  as  the  total  phase  error  variance  <t-  .  As  before,  the 

9  '  2 

Quantitv  <t“  is  the  sum  of  a  phase  error  variance  cr  ,  due  to  thermal  noise  and 
tot  Ih 

a  phase  error  variance  cr^^  due  to  the  untracked  portion  of  the  phase  noise 
process  on  the  received  signal.  Since  carrier  phase  estimates  are  obtained 
from  the  LOW,  the  thermally  induced  phase  error  variance  is  easily  calculated 
given  the  LOW  energv'  per  modulation  symboLnoise  density  bO'' 

modulation  symbol  rate  (R  ),  ,  LOW  carrier  tracking  bandwidth  B,,.  and  the 
appropriate  modulation  removal  loss  factor  ’>7^.  Calculation  of  the  phase  er-or 

O 

variance  cr*"  is,  however,  not  as  obvious  here  as  in  prior  analyses.  For  the 
pn 

purpose  of  demodulation  on  the  R  ^T  data  channel,  the  phase  error  variance 
2 

(cr*’  ),  is  due  to  phase  noise  in  the  frequenev  band  If  to  R  when  f  is 

pn  1)  ’In  ms  D  2  (  n 

the  LOW  PLL  corner  frequency  and  (R  ).,  .  is  one  half  the  R  'T  PSK  symbol 

ms  D  2 

rate.  As  discussed  in  Section  3,  the  upper  frequency  limitation  is  the  result  of 

using  integrate  and  dump  filtering  which  effectively  suppresses  high  frequency 

phase  reference  estimation  errors.  On  the  other  hand,  the  phase  error  \ariance 
2 

(O’  )  due  to  phase  noise  on  the  LOW  is  the  result  of  phase  noise  in  the  frequ(’nc 

pn  L 

band  If  to  (R  ),  ,  ),  Therefore,  if  (R  ),  =  (R  ),^  as  in  the  lowest  FDM 
In  ms  L  2 '  ms  L  ms  D 


*  See  Note  1  of  the  Annex. 
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2  2 

R  T  data  rate  then  {cr  )=  (cr  However,  at  higher  R/T  data  rates 

pn  L  pn  D  ^ 

(R  U  i  (R  ),  which  gives  (o-^  ~  (cr  ),  so  that  the  total  phase  error 

ms  D  ms  L  pn  D  pn  L  ^ 

variances  for  R/T  data  and  LOW  are  such  that  (a^  >  (cr  )  . 

tot  D  tot  L 

Thus,  if  one  were  to  judge  demodulation  performance  in  the  R/T  channel, 

based  solely  upon  carrier  tracking  performance  on  the  LOW,  severe  errors 

could  occur  because  of  the  failure  to  account  for  the  additional  phase  noise  in 

the  frequency  band  i(R  to  (R 

I  ms-  2  L  ms''2  Dj 

5.2.3  Performance  of  the  USC-28  Operating  with  Terminals  of  the  Phase  11  DSCS 

A  complete  analysis  of  the  USC-28  operating  with  an  airborne  AN'/ASC-18 
terminal  is  given  in  [1].  The  reference  gives  a  complete  description  of 
demodulation  performance  assuming  that  phase  noise  improvements  are 
made  to  the  AN,'ASC-18  terminal.  It  was  shown  that  the  most  critical  perfor¬ 
mance  requirements  on  carrier  phase  estimation  performance  (and,  therefore 
R  T  demodulation  performance)  occurred  at  the  lowest  R/T  data  rates,  where 
the  phase  noise  of  the  improved  AN  'ASC-IS  terminal  is  similar  to  that  of  the 
cesium  I!  curve  of  Figure  4-7.  Since  the  cesium  II  phase  noise  is  expected  for 
HT-MT  (AN/MSC-eO)  and  upgraded  MSC-46  terminals,  performance  at  low  data 
rates  with  these  terminals  will  be  similar  to  that  shown  in  [1]  for  the  AN/ASC-18 
terminal.  At  high  data  rates,  the  cesium  II  phase  noise  performance  is  better 
than  that  of  the  improved  AN/ASC-13;  therefore,  at  high  data  rates  performance 
of  the  USC-28  with  the  HT-MT  and  upgraded  MSC-46  will  be  better  than  that 
shown  in  11] . 
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5.3  RAYTHEON  INC.  TDM  A  (EDM) 

(17] 

5  3.  1  General 

The  Raytheon  EDM  TDMA  currently  being  procured  by  USASATCOMA  is 
a  burst  coherent  form  of  TDMA  with  a  preamble  preceding  each  data  burst 
transmis.sion  which  contains  the  residual  carrier  and  bit  timing  refcn  nces 
to  maintain  gated  carrier  and  bit  timing  tracking  loops  in  appropriate  synchro¬ 
nization,  within  a  certain  minimum  mean  square  phase  error  criterion.  The 
frame  structure  and  the  basic  carrier  tracking  demodulation  and  decoding 
techniques  are  depicted  in  Figure  5-6.  Figure  5- 6(a)  shows  the  TDMA  frame 
composed  of  n  bursts  originating  from  a  network  of  n  earth  terminals  each 
transmitting  a  burst  of  data.  Each  burst  includes  guard  time,  preamble  time, 
and  subbursts  representing  individual  basebands  and  subburst  tail -off  time. 

The  subburst  tail-off  time  results  from  the  desire  to  share  a  single  error 
encoder  and  error  decoder  with  time  sequential  subbursts  of  data.  The  single 
encoder  must  be  "flushed’’  and  returned  to  a  reference  condition  before 
encoding  the  next  subbursl  of  data  bits.  This  results  in  time  in  the  burst  that 
is  unusable  for  sending  data.  The  preamble  is  composed  of  a  subbursl  of 
unmodulated  carrier  for  carrier  reference  recovery  and  a  subburst  of  modulated 
(alternate  "ones"  and  "zeros")  carrier  for  bit  timing  reference  recovery.  The 
functional  demodulator  detail  necessary  for  understanding  the  problem  is 
sho\\’n  in  Figure  5-6(b).  TDMA  frame,  burst  and  subburst  timing  are  derived 
(by  other  circuits  not  shown  in  Figure  5-6(b))  and  made  to  gate  tracking  loops 
at  the  appropriati  u  s  to  jx'rmit  "sampled  data"  burst  coherent  rccovcrv  o! 
both  carrier  and  bit  timing  references  to  enable  efficient  coherent  demodulation 
of  data  subbursts.  The  recovered  carrier  reference  multiplies  the  modul.ited 
irrit  r  at  the  appropriate  times  to  demodulate  the  desired  subbursts.  This 
.  :  i-.cr.  IS  followed  by  matched  filtering  (integrate  and  dump)  the  noisv  data 
■  analog  to  digital  conversion  (for  soft  decision).  The  soft  decision 
,"t  n  i  Irom  burst  rale  down  to  an  aggregate  rate  and  decoded  by  a 
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Figurt'  5-6.  TDMA  Franu'  and  Ueniodulalor  Details 


M 


5.  3.  2  Impact  of  Phase  Noise  Upon  TDMA  System  Performance 


One  of  the  most  uselul  measures  of  system  perlormance  for  a  TDMA  system 
is  TDMA  Irame  efficiency  t)  given  by  the  following  e(|ualion: 

T 


~  1  -- 


on 


(0-1  , 


1' 


when.’  1  =  total  frame  overhead 


1  -  total  Irame  duration 


Ho\\t  \cr  i  DMA  lianic  o\crhead  is  a  lunction  o(  many  parameters  as  shown 
b\  the  lol Imping  cf]uation; 

n  n 

'(.)H  "  ^g  j  ^PA  ^  j  ^TO^*’ 

where  T  =  guard  time  between  bursts 

R 

th 

Tp^(i)  =  preamble  time  for  i  burst 
TtoIi*  "  subburst  tail -off  time  for  i'''^  burst. 

It  mat  easily  be  seen  that  network  si/e  n  and  connectivity  will  ha\e  a 
profound  inHucnii’  on  Irame  effieieiu-y.  In  addition,  for  networks  with  various 
si/e  terminals  rec)iiir<.(!  preanildes  considerably  different  dependin 

U|K)n  terminal  0  i  .  Sinci'  the  number  of  parameti  rs  which  can  be  varied  for 
this  type  of  svstem  is  tjuiti  large  and  siiue  our  main  interest  in  this  paper  is  to 
indicate  expeeteti  demodulation  perltirmanei  ol  a  TDMA  system  operating  in 
the  pri'senee  of  oscillator  phase  noise,  the  scope  ol  the  problem  will  fx' 
restricted  b\  the  following  ;issum()tions: 

1.  A  maximum  of  2-3  percent  loss  in  frame  efficiency  is  allocated  to 
that  part  ol  preamble  time  reserved  for  residual  carrier  tracking 


r 


f- 


h 


The  preceding  frame  effieicney  loss  is  to  be  allot  ated  equally  betuet  n 
20-30  earth  terminals. 


3. 


JX.modulalion  losses  will  be  based  solely  upon  a  0,  2-<ih  loss  due  to 
imperleel  carrier  phase  trackm^t.  All  other  demodulalton  losse. 
including  those  due  to  symbol  timinR  error  are  neglected  as  in  Uk 
analysis  of  preceding  sections. 

X  Demodulation  losses  are  based  u,K)n  the  assumption  of  soU  deei-ion 
(3  bit)  rale  1  2.  constraint  length  7,  Vilerbi  decoding  followed  >,s 
differential  decoding.  From  the  analysis  of  preceding  section- 
References  2  and  8.  it  is  easily  seen  that  carrier  phase  reference 
error  variances  of  appro.ximately  -15  dB  and  ~  -26  dB  are  required 
for  coded  cieratiun  with  BPSK  and  QPSK,  respectivelv. 

(1- .  R.  )  =  1200  frame.s  per  second 


o. 


Assumptions  I  and  2  translate  to  a  required  duty  factor  of  0.  001  tor 
residual  carrier  tracking  preamble  time. 

„  has  been  shot™  .bat  a  pated  PLL  tvill  behave  similar  io  a  con.lnuously 
trackina  PLL  if  the  effective  loop  time  constant  is  much  larger  than  the  TDMA 
frame  duration  and  it  the  gain  ,n  the  gated  PLI.  .s  increased  by  the  duty  lac, or 


Mathematically  this  may  be  stated  as; 


(1  -  (1) 
V.  R. 


u , 


1 


(5  -  3 ) 


when 
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fPA 


T. 


'  carrier  preamble  dutv  factor 
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f  T 

'  * 

( 

[ 


T  -  carrier  preamble  time  duration 
CPA 

ami  I )  are  the  equivalent  continuous  PLL  (natural  radian  frequency 
damping  factor). 

Therefore,  Equation  3-10  (a,b)  may  be  used  to  calculate  PLL  earner 

tracking  error  variance  provided  the  energy  per  symbol  to  noise  is 

replaced  b\  its  averaged  value  over  the  TDMA  frame  duration  (L  /S  ) 

s  o  A\ 

where  (L  /N  -  dT  C/N  where  C  is  the  received  carrier  powrr  and 
s  o  AV  s  O 

T  equals  duration  of  each  PSK  symbol  in  the  received  burst, 
s 

Figures  5-7  through  5-12  (see  also  Tables  D-25  through  D-46)  show 
expected  demodulation  performance  for  the  Raytheon  EDM  TDMA  system 
using  a  lOO-H?  carrier  tracking  PLL  bandwidth  and  optimum  PLL  bandwidth. 
Operation  is  assumed  in  the  presence  of  oscillator  phase  noise  contributed 
b>  two  and  three  terminals  of  the  following  types: 

1.  Modified  HT-MT  (Figure  -1-1) 

2.  ''Cesium  II”  (Figure  4-7) 

3.  "Crystal  11''  (Figure  4-7). 

The  reader  is  reminded  that  all  references  to  "bits"  in  the  tables  refer 
to  "modulation  bits"  while  in  the  figures  the  term  "bits''  refer  to  "information 
bits,"  Thus,  due  to  the  rate  of  1/2  coding,  the  following  relationships  hold. 


lb  mb 


and  E  , /N  -  E  /N  3  (dB) 
lb  o  mb  o 


whlTe 


R 

R 


lb 

mb 


Information  bit  rate  (information  bps) 


Modulation  bit  rate  (modulation  bps) 


Tables  S-3  (a)  and  (b)  summarize  the  minimum  and  maximum  allowable 
Raytheon  TDMA  data  rates  when  used  with  possible  phase  noise  contributions 
expected  in  the  Phase  II  DSCS.  Table  S-3  (a)  shows  these  results  when  a 
constant  PLL  noise  bandwidth  of  100  Hz  (one  sided)  is  used  and  Table  s-3 
shows  results  when  an  optimum  PLL  bandwidth  is  chosen  as  a  function  of  data 
rate.  These  tables  (and  Figures  5-7  through  5-12)  show  that  dramatic  im¬ 
provements  in  performance  are  obtained  when  an  optimum  PLL  noise  band¬ 
width  is  used.  They  also  show  that  the  additional  complexity  of  a  variable 
bandwidth  PLL  is  well  justified  based  on  demodulation  improvements. 
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Figure  5-7.  Raytheon  Inc.  BPSK  TDMA  Demodulation  Loss  (dB),  L^jt,  a 
Total  Phase  Variance,  fr^  tot,  versus  Information  Bit  Rate,  Rtb(bps) 
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Figure  5-9.  Raytheon  Ine.  BPSK  TDMA  Demodulation  Loss  (dB),  and 

Total  Phase  Variance,  rr^  .  versus  Information  Bit  Rate,  R..  (bps) 
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I'iguri.  fj-lL'.  H.'iythioii  Int'.  (jl’SK  TDMA  l^iTiiochilalion  Loss  (dH),  L^^p  a 
Total  Phasi  Variarn-i',  rr^  ,  versus  Information  Bit  Rate,  R.,  (bpst 
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SKCTK^N  (.  -  PHASF  NOISK  SPEC! FlC ATIONS  FOR  TFRMINALS  OF  Till  D<r< 


r..  1  ANALYTICAL  STl’DY 

All  of  the  precedinp  performance  analyses  were  based  on  the  assumii- 
tion  of  a  knowai  or  specified  oscillator  phase  noise  spectral  densit\-.  F^ec.iii'.c 
system  performance  results  depend  primarily  on  the  area  under  the  phase 
noise  densitv  curve  between  the  I’LL  corner  frequency  and  the  PSK  ‘^x  mbo]  rate, 
it  is  )iossible  to  specify  an  infinite  number  of  phase  noise  sfiectra  which  will 
meet  certain  performance  criteria.  On  the  other  hand,  if  we  are  ti^  dco  ise  a 
phase  noise  specification  that  will  ensure  stated  system  performance  mc-.isurc-. 
it  should  be  remembered  that  the  particular  shape  has  only  secondarv  mfluence 
on  the  performance.  Only  the  total  phase  noise  power  from  the  comer  fre¬ 
quency  of  the  loop  to  one-half  the  symbol  rate  is  of  concern.  Therefore,  it  is 
io;j:ical  and  convenient  to  set  standards  for  the  maximum  phase  noise  power  in  a 
Riven  band.  Since  most  frequency  sources  show  phase  noise  characteristic  s 
f  ^  with  the  exfionent  s  ranging  fn'm  1  to  3,  the  most  critical  characteristic 

-It 

f  may  be  assumed  in  determining  the  frequency  band  to  be  specified.  Then, 
whatever  the  actual  phase  noise  characteristic  may  be,  the  total  phase  ni'ise 
variance  can  be  met. 

Stated  more  explicitly,  if  the  phase  noise  specification  is  based  on  an 
f  phase  noise  characteristic  about  the  loop  corner  frequence  f^  and  if  f 
jihase  noise  is  actually  e.xperienced,  the  total  phase  noise  variance  can  be 
lowered  relative  to  its  specified  value,  procided  s.j<  s^.  (We  will  prove  thi- 
for  s-values  larger  than  1  since  we  can  infer  about  s  S  1  by  continuity,  i  It 
can  be  verified  as  follows.  If  the  phase  noise  variance  in  the  band  specified 
by  assuming  f  *  phase  noise  equals  the  phase  noise  variance  for  f  -  phase 
noise  then  from  F'.quation  LI-31)  we  have 
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SincL'  llu'  optiimun  \-\alui'  for  an  f  phase  jitter  characteristic  is  Ki\en  In 
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the  mininnun  total  phtise  noise  variance 
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is  less  than  o  - -  L  x  for  s  <  s  because  the  function 

s  s  - 1  s  2  1 

1  1  1 
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f(  SI 


ISj  s'"  It 
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is  monotonv  and  increasing  for  s<  s  .*  Thus  wc  can  conclude  that  f  phase 

^  - 1  -2 

noise  is  more  critical  than  for  example  f  or  f  . 


*U  follows  that  f(s)  has  these  properties  bt'cause  the  derivative  of-  f(si  is 
positive  for  1  <  s<  as  shown  in  Appendix  B. 
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UNCLASSIFIED 
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Basi'il  ('ll  ilu'  :issum)>tion  ll)at  we  art’  fact-d  with  an  f  ’  phasi'  noise  charac- 
terisiii’.  tlu'  resiiliiM^;  phase  noisi‘  variance  from  the  t)an(l  to  is  ui\i’n  tiv 


•> 

2  f" 
(1 


/  i  df 

-3 


l’(|uating  this  with  tlu-  contribution  due  to  f  phase  nciise  in  liquation  (3-20i,  it 
implies  that  when  using  a  PIJ,  with  a  matched  filter  processor  the  lower  bai a! 
f7'(.'queney  shiiuld  be  set  to 


n 

f  ~ 

"  -i.;{ 


It',- . 


Furthermore,  if  we  set  the  upper  btind  limit  to  2.  the  phase  error  variance, 

due  to  phase  noise  iiiowen  in  the  liand  if^^,  R^  2i,  will  give  an  upper  lx)und  to  ilie 

minimum  achievable  phase  noi.se  variance  according  to  Equation  i3-2(ii  iregard- 
-1  -2  -3 

le^s  of  uliether  1  .1  ,  or  f  phase  noise  is  dominatingi. 

From  |2|  and  |s|  it  is  known  that  to  prevent  more  than  0.2  dB  in  equivalent 

powL  r  loss,  due  to  |)hase  noise  at  the  decision  point,  it  will  lx  necessary'  that 

• »  ') 

pha.se  noise  variance  cr“  -  -15  dB  from  BPSK  and  a~  -2s  dB  for  QPSK  when 

tot  tot 

coding  is  used,  .\ssuming  an  f  '  phase  noise  characteristic,  the  system  should 

be  designed  such  that  two-thirds  of  the  total  phase  noise  \ariance  cr"  is  dui 

tot 

to  the  phase -locked  loop  variance  caused  by  the  additive  Gaussian  noise.  Thai 
is,  the  equivalent  power  loss  requirement  translates  into  the  loop  phase  noi-e 
\  arianei's . 


-  in.  77  -  17  dB  for  RP.^K 

th 

u!-  'I 

0"  -  2:i  77  -  311  dB  for  t^P.sK 

th 


uhere  aecording  lo  Ihiuation  (3-tb  ui-  have 


At  the  ojxTation  point  E  /N  =  E  ,/N  ^  l.a  tlB  for  rate  \i  2  codec)  BPSK 

s  o  mb  o 

and  E  ,  N  -  E  ,/N  +  3  =  4. 3  dB  for  coded  QPSK.  Eurthermorc,  from  I  able 
s  o  mb  o 

A-1  (taken  from  18])  the  values  of  the  degradation  factor  t;^  are  ^jiven  Ixjih  for 

decision-feedback  (DFl  and  matched  filter  (MF  power  loop  implementation- 1, 

• ) 

Thus,  uivenCT*",  ,  E  y  N  and  we  can  calculate  the  correspondine  B.,  li 
th  s  0  ^  s 

ratio  usin',;  Kciuation  (O-?)  and,  usinj;  f^^  =  B,p/4.3,  determine  the  corresponding 
fre(|ueney  specification  band  (f^^,  R^y  2)  for  a  (;iven  PSK  symlx)l  rate  R^.  This 
has  Ix'cn  carried  out  and  the  general  algorithmic  structure  has  Ix^en  prest  nied 
in  I'abU'  (i-1  and  a  specific  set  of  frequency  bands  was  gi\'en  in  Table  S— !  and 
Figure  S-1.  Note  that  the  power  loop  implementation  will  spc'Cify  wider  bands, 
which  means  that  a  prescrilx'd  phase  noise  variance  (power)  requirement  will  be 
harder  to  meet.  (The  last  band  for  =80  M  symbols  per  second  has  been  modi¬ 
fied  and  exteiidc’d  dowTi  to  23  Hz  since  it  refers  to  the  TDMA  operation.  Tse  of 
a  loop  having  a  noise  bandwidth  of  100  ilz  has  Ix'cn  suggested. 

Having  determined  the  frequency  bands  that  are  related  to  the  data  rates, 
we  must  now  determine  the  allowable  phase  noise  power  in  these  bands.  In 

Table  1-5  the  maNimum  phase  noise  power  in  a  particular  band  is  given  for  a 

|s] 

set  of  equivalent  power  loss*  values  using  the  Gaussian  loss  approximation. 

The  table  also  distributes  the  total  phase  noise  contributions  on  two  and  three 
terminals.  The  two-terminal  case  is  applicable  when  the  satellite  has  a  neg¬ 
ligible  phase  noise  contribution,  and  it  is  assumed  that  the  transmitting  and 
receiving  terminals  have  equal  contributions.  The  three -terminal  case  assucas 
the  satellite  has  a  contribution  eciual  to  one  of  the  terminals. 

An  example  of  the  use  of  tlie  preceding  techniques  for  generating  a  phase 
noisi'  specification  is  given  in  Paragraph  (i. 2,  Phase  noise  S(X'cifieations  for 
the  AN  MSr-(i(i  (HT)  "follow-on  "  and  the  AN/  MSt'— h'>  "upgrade  "  are  given  in 
Tallies  1 -d  and  I-T,  respectively. 

*A  word  of  caution;  It  is  impossible  to  satisfy  demodulation  loss  criteria  (mini¬ 
mum  MSE)  while  simultaneously  having  inadequate  carrier  tracking  loop  cycle 
skipping  performance.  Criteria  for  these  parameters  must  also  lx  satisfii-d 
in  any  system  analysis. 
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0.2.  APPLICATIONS 


0.  2.  1  General 

Terminal  phase  noise  specification  designed  for  BPSK  systems  in  the 
PSCS  are  derived  using  the  following  assumptions; 

1.  Rate  1  '2,  constraint  length  7,  convolutional  encoding  with  soft 
decision  (2-hitI  Viterhi  decoding  is  used  (sec  Table  l-Di. 

2.  Maximum  allowable  demodulation  loss  to  the  imperfect  carrier  pha'C 
estimation  is  <  0.2  dB  (see  Table  1-5). 

3.  Equal  phase  noise  contribution  from  terminal  transmitter,  terminal 
receiver  and  satellite  (sec  Table  1~5). 

4.  Conservative  case;  systems  will  use  matched  filter  power  loops  for 
carrier  phase  estimation  (sec  Table  (i-lL 

0.2.2  BPSK  System  Specifications 

In  addition  to  the  assumptions  listed  in  the  preceding  section,  specific 
equipments  notably  the  Radiation  BPSK  MD-921G  modem  have  the  following 
PSK  symbol  rate  limitations: 

32  Ksps  -  10  Msps 

I  sing  Table  0-1  and  the  assumptions  in  Paragraph  0.2.1,  the  following 
two  freejuency  bands  may  be  derived  using  the  lowest  and  highest  BPSK  symltol 
rates: 

(145  Hz  -  16  kll/,) 

and 

(4.5.5  kHz  -  5  Mll/.i 

R^  / 

Th:it  is,  {  f  ,  R  '2  1  where  /  f  =  110. 

'os'  2/0 
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I'sing  Table  1--}  note  that  in  each  of  the  precedinR  bands  the  total  phase 
noise  added  to  any  transmitted  or  received  carrier  should  not  exceed  -2-1,5 

O 

(IB  rad“  to  keep  demodulation  losses,  due  to  errors  in  carrier  phase  estima¬ 
tion,  <  0.2  (IB.  Since  the  above  described  modem  may  be  used  for  any 
BPSK  symbol  rate  within  the  stated  limits,  a  complete  speeifieation  would 
require  additional  overlapping  specification  bands.  This  composite  pha^-e 
noise  specification  (overlapping  bands)  may  easily  be  satisfied  by  state  of  the 
art  desigris.  Therefore  a  simplified,  but  slightly  more  stringent  single  band 
specification  which  is  still  easily  achieved  by  state  of  the  art  techniques  is 
given  by  the  following: 

BPSK  Specification 

The  total  spurious  content  added  to  any  transmitted  or  received 
carrier,  including  phase  noise  and  discrete  spurious  signals  from 
both  sides  of  the  carrier,  shall  be  at  least  25  dB  below  the  carrier 
level  when  measured  in  a  band  145  Hz  to  5  MHz  from  the  carrier 
frequency. 

In  the  preceding  specification  an  attempt  has  been  made  to  use  language  and 
style  suited  to  actual  equipment  specifications. 

6.2..'!  QPSK  System  Specifications 

Techniques  analogous  to  those  used  for  BPSK  are  used  to  derive  QP<K 
phase  noise  specifications. 

For  the  DSCS,  QPSK  symbol  rates  are  expected  within  the  range- 
(32  K.sps  -  40  Msps) 

From  Table  (1-1  and  the  assumptions  of  Paragr.aph  0.2. 1  a  series  of  o\er- 

Tipping  specification  bands  (f  ,  R  2)  where  — /f 

os  2/0 


2S50  may  1h'  derived. 


Then  using  Table  1-4  and  the  same  set  of  assumptions,  the  following 
specifications  miy  bc'  derived  foi  QPSK  signaling. 

QPSK  Specification 

The  total  spurious  content  added  to  any  transmitted  or  reccivitl 
carrier,  including  phase  noise  and  discrete  spurious  signals  from 
both  sides  of  the  carrier  shall  be  at  least  37.  5  dB  below  the  carric  r 
level  when  measured  in  thi  following  bands: 

5  Hz  to  l(i  Hz  from  the  carrier  frequency 
20  Hz  to  76  kHz  from  the  carrier  frequency 
200  Hz  to  0.  6  MHz  from  the  carrier  frequency 
1.7  kHz  to  5  MHz  from  the  carrier  frequency 
7  kHz  to  20  MHz  from  the  carrier  frequency. 


6.2.^  Phase  Noise  Specifications  forMRL’s  l.'SC-28  BPSK  Spread  Spectrum 

The  USC  -2S  may  essentially  be  treated  as  a  modified  BPSK  system 
after  the  PN  sequence  has  been  removed  as  discussed  in  Paragraph  5.2,3  of  this 
report.  Carrier  phase  estimates  are  derived  from  the  LOW.  Worst  case  oper¬ 
ation  (from  a  phase  noise  point  of  view)  is  a  rate  1/2  coded  LOW  at  150  BPSK 

symbols  per  second  and  an  E  /N  -  1.3  dB  (energy  per  modulation  symbol 

s  o 

noise  density).  If  the  R/T  channel  operates  at  150  BPSK  symbols  per  second 
with  an  =  1.  3  dB  the  carrier  phase  estimation  problem  is  equivalent  to 

that  for  an  ordinary  150  BPSK  symbol  rate  system. 

Thus  the  following  frequenev  band  (f  ,  R  /2)  derived  as  in  Paragraph  6.2.2 

o  s 


^  / 

(.6  -  75  Hz. )  where  — ^  /  f  =110. 

2/0 


I'sing  Table  1-*!  and  the  assumption  of  Paragraph  G.2.1,  the  total  phase 

noise  added  to  any  transmitted  or  received  cairier  should  not  exceed  -24.5  dB 
2  2 

rad  =  -25  dB  rad  to  keep  demodulation  losses  due  to  errors  in  carrier  phase 
estimation  <  0.2  dB. 
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As  noted  in  Paragraph  5.2.3,  even  at  high  data  rates  the  carrier  phase- 

estimate  was  derived  from  the  LOW  which  was  constrained  (in  rate  1/2  coded 

operation)  to  operate  at  a  150  BPSK  symbol  per  second  rate.  Operation  at  the 

highest  BPSK  symbol  rate  (5  mspsi  means  that  the  effective  phase  noise  band 

is  stretched  to  become  (O.G  H^-2.5  MH/ 1.  However,  operation  of  the  L  S(  -j- 

is  such  that  at  the  high  data  rates  so  much  additional  power  is  added  to  the  L(AS 

(E^  »1.  3  dB)  that  losses  due  to  thermally  induced  errors  in  carrier  phase 

estimation  become  negligible.  Thus,  from  Table  S-5  the  total  error  variance 
«) 

<j  ^  -  -15  dB  rad”  for  a  0.  2  dB  demodulation  loss  may  be  assumed  to  be 
tot 

caused  by  untracked  oscillator  phase  noise  and  distributed  equally  tl  3  allo- 

2 

cation  or  -4.  77  dB)  to  give  -19.77  rad  for  each  of  the  up-  and  down-converters 
and  the  satellite.  Thus,  the  following  terminal  phase  noise  specification  is  gen¬ 
erated  for  terminals  operating  with  the  USC-28  BPSK  spread  spectrum  system. 

Specification  for  USC-28 

The  total  spurious  content  added  to  any  transmitted  or  received 
carrier,  including  phase  noise  and  discrete  spurious  signals,  shall 
not  exceed  conditions  specified  in  the  following  paragraphs. 

1.  Total  spurious  content  from  both  sides  of  the  carrier  shall  be 
at  least  25  dB  below  the  carrier  level  when  measured  in  a  band 
0.6  Hz  to  75  Hz  from  the  carrier  frequency. 

2,  Total  spurious  content  from  both  sides  of  the  carrier  shall  lx- 
at  least  20  dB  below  the  carrier  level  when  measured  in  a  band 
0.6  Hz  to  2.5  MHz  from  the  carrier  frequency. 

0.2.5  Phase  Noise  Specifications  for  Raytheon  Inc.'s  Burst  Coherent  TDM.A 

As  discussed  in  Paragraph  5.3  of  this  report  the  100  Hz  carrier  tracking 
PLL  bandwidth  for  the  TDMA  system  is  constrained  to  much  less  than  the 
TDMA  frame  rate  independent  of  the  actual  BPSK  or  QPSK  symbol  rate.  The 
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most  c  ritical  (i.e.  ,  largest)  frequency  band  may  therefore  be  derived  by  usinj; 
the  highest  QPSK  symbol  rate  of  80  msps  and  Equation  16-7/.  The  TDMA  band 
is  thus  (23  Hz-40  MHz  I  or  {B(p/4.3,  R^/-}  where  100  Hz. 

Using  Table  S-4  the  following  specification  is  derived  for  Ql’SK  i  J)MA 
where  demodulation  losses  due  to  imperfect  carrier  phase  estimation  arc 
5  0.2  dB. 


Phase  Moise  Specifications  for  Raytheon  Inc.  TDM.A 

The  total  spurious  content  added  to  any  transmitted  or  receued 
carrier  including  phase  noise  and  discrete  spurious  signal  from 
both  sides  of  the  carrier  shall  be  at  least  37.  5  dB  below  the  carrier 
level  when  measured  in  a  band  23  Hz-40  MHz  from  the  carrier 
frequency. 

<i.  2.  0  ^iummarc 

In  paragraph  0.2  phase  noise  specifications  have  been  presented  for  vari¬ 
ous  equipment  e.vpected  to  be  operational  in  the  DSCS.  Since  the  AN,  MSC-ou 
(HT)  follow-on  earth  terminal  is  expected  to  work  with  all  or  some  modified 
version  of  the  preceding  equipment,  all  of  the  specifications  of  Paragraph  0.2 
must  be  equalled  or  exceeded  by  this  earth  terminal. 

Deleting  all  but  the  most  stringent  specifications  gives  the  proposed 
specification  on  phase  noise  for  the  follow-on  AN  MSC-OO  (HT)  earth  terminal 
shown  in  Table  S-'’ 

(i.  ,3  PHASE  NOISE  SPECIEK  ATIONS  EOR  THE  AN  MSC-4d  ”1  PGR-Afii  ' 

('receding  derivations  of  phase  noise  specifications  for  the'  .A.N  MSc  -oo 
(HT)  follow-on  included  all  contributions  to  phase  noise  on  the  transmitted 
or  received  signal  including  the  effects  of  the  frequency  standard  which  is  the 
basic  source  of  all  frequencies  in  the  terminal.  However,  the  A.N  MSt  -4i' 
upgrade  will  be  based  on  terminal  designs  for  which  the  frequency  standard 


will  Ix'  j^ovi'rnmt'ni  furnished  equipment  (GFt)  procured  under  separate 


contract. 

Therefore  a  sub-system  phase  noise  specification  must  be  ^tnerated  ler 
terminal  designs  c.xcludinK  the  effects  of  a  frequency  standard.  Of  course 
these  subsystem  phase  noise  specifications  must  be  consistent  with  total  phase 
noise  specifications  on  terminals  with  a  frequency  standard. 

Considerable  difficult\  is  experienced  when  attempting  to  allocate  phase 
noise  between  the  terminal  itself  and  its  frequency  standard.  This  diflicult;. 
occurs  in  spite  of  the  fact  that  phase  noise  due  to  the  standard  dominates  at 
very  low  frequencies  while  phase  noise  due  to  the  terminal  dominates  at 
higher  frequencies  because  the  crossover  frequency  between  these  two  phase 
noise  sources  is  a  function  of  very  specific  equipment  designs. 

However,  discussions  with  both  a  Fluke  representative  and  Comtcch 
proved  that  Fluke's  GIGO  A/AO  synthesizer  has  a  3-pole  200  Hz  low  pass 
filter  which  filters  phase  noise  due  to  the  frequency  standard  beyond  this  point. 

Moci  the  Fluke  synthesizer  is  an  integral  part  of  the  .AN  MSC-dti  upgrade 
design  we  can  state  that  phase  noise  due  to  the  standard  will  dominate  at 
trequencies  below  200  Hz  while  phase  noise  due  to  the  terminal  itself  will 
dominate  at  frequencies  above  200  Hz. 

I'hi’  terminal  phase  noise  specifications  for  the  .AN  MSC--l(i  upgraiic 
shown  in  Table  S-7  is  seen  to  be  a  modification  of  the  phase  noisi'  s(icci!ic.iiiuns 
tor  tht  .AN  ]\IS(  -00  (HT)  follow-on  (Table  S-Oi  only  within  the  region 
below  2  01)  Hz.  A  comparison  of  these  phase  noise  specifications  in  the  frequcnc\ 
band  (0.0  Hz, -75  Hz)  indicates  that  the  phase  noise  contribution  due  to  the 
"terminal  only"  must  be  12  dB  below  that  due  to  the  frequency  standard,  i.c.  , 
less  than  0.25  dB  additional  phase  noise  caused  by  the  "terminal  only.  .A 
second  band  has  also  been  derived  in  the  same  manner  to  cover  the  frequonev 

i 


In  summary,  phase  noise  specifications  have  been  derived  for  terminal 


designs  which  do  not  include  a  frequency  standard  (as  in  Table  S-7  for  the 
upgraded  AN/MSC-4(i).  To  meet  total  system  phase  noise  specifications, 
frequency  standards  must  be  chosen  that  satisfy  the  total  specification.  At 
this  time  a  complete  set  of  phase  noise  specifications  have  not  Ixen  derivetl 
for  the  frequency  standard  independent  of  the  terminal  design.  Thus,  for  the 
present,  frequency  standards  are  Ix-st  evaluated  in  conjunction  with  a  specific 
terminal  design. 
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In  this  paper  the  term  Soft  X’itorbi  decoding  represents  Ihc'  following  ' 
of  operational  valui'S. 

It  is  assumed  that  rate  1/  constraint  length  7,  convolutional  encodin^  is 
preceded  by  a  differential  encoding  process  as  shoum  in  Figure  L'-].  On  th( 
receiver  side  it  is  assumed  that  soft  X  iU'rbi  (s-leveli  decoding  is  perlori'ied 
and  then  followed  by  differential  decoding.  The  nominal  BFR  at  the  system 

_5 

output  is  assumed  to  be  10  required  an  energy'  per  information  bit /noise 

density  E.|^/N^  =  4.3  dB.  Due  to  the  rate  1,  2  structure  of  the  encoding  proces^ 

this  corresponds  to  an  energv  per  modulation  bit/noise  densitv  E  ,  'N 

mb  o 

1.3  dB. 

NOTE  2: 

An  additional  degradation  factor^  ^  Should  also  be  included  for  decision 
feedbac  k  loops  since  the  phase  error  at  the  symbol  decision  point  causes  an  in¬ 
crease  in  the  number  of  erroneous  symbol  decisions  which  directly  change  the 

2  Tt 

loop  gain  bv  (1  -  2P  sin  77  t  where  P  is  the  symbol  error  probability  and  M 
s  M  S' 

is  the  t>'pe  of  PSK  modulation. 

Loop  corner  frequency  f^  as  defined  bv  Eciuations  (3-11)  through  (3-14'  is 
portional  to  the  square  root  of  loojv  gain  and  therefore  f  should  be  modilied  j-: 


For  small  values  of  P^  this  effect  on  the  corner  frequency  may  be  neglected. 
NOTE  3: 

It  is  assumed  that  the  B5400  crystal  would  eventually  be  phase-locked 
to  an  atomic  st.andard  to  prevent  long-term  frequency  drifts  of  the  crystal 


oscillator.  However,  in  this  report  it  is  assumed  that  the  bandwidth  at  which 
the  crystal  is  phase-locked  to  the  atomic  standard  would  be  considerably 
smaller  {<  a  factor  of  10)  than  the  optimum  bandwidth  of  the  receiver  trackintt 
loop.^.  fnder  these  conditions  the  effects  of  phase  noise  in  the  atomic  standard 
may  be  neglected  as  in  the  curve  labelled  "crystal  11"  of  Figure  4-7  f'i  enurs.  , 
the  .analysis  in  this  report  could  easily  be  used  to  indicate  expected  perfornianc  > 
should  the  appropriate  data  become  available. 
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APPENDIX  A  -  PARTIALLY  COHERKNT  M-ARY 
PSK  DEMODULATION  LOSS  FUNCTIONS 


In  [6]  it  is  showTi  that  the  variance  of  the  phase  estimate  obtained  usin^ 
a  power  loop  tracking  on  M-AHY  PSK  signal  in  the  presence  of  additivt  whiti 
('.aussian  noise  (AWGN)  is  given  by: 


whe  re 


iA-1 


I  A-.'. 


In  [8]  it  is  shown  that  the  variance  of  the  phase  estimate  obtained  using 
decision  feedback  (DP)  tracking  an  M-AHV  PSK  signal  in  the  presence  of  AWGN 
is  also  given  by  Equation  (A-1)  where: 


P  modulation  svmtiol  error  prolnbil itv  (i.  e. ,  the  probabilitv  that  the  s\  nibol 

S' 

is  reeei\efi  eorreetlv  is  1  -  P  i  and  all  other  parameters  are  as  defined  m 

s 

Sections  -  and 

E\a)ua!ir)n  of  (A-di  and  (A-;ti  is  pnnided  m  Table  A-1  for  various  eon- 
figur:itions  of  interest.  Also  shown  in  Table  A-1  are  tabulated  loss  functions 
for  symbol  timing  loops  which  have  not  been  considered  in  this  report. 


•  This  correction  factor  differs  slightly  from  the  one  given  in  (9).  The  dif¬ 
ference  lies  in  the  precise  definition  of  loop  bandwidth.  The  above  form  is 
preferred. 
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A-1.  PiTfnrmnncc  Comparison  of  Dfcision-Ffi'dliMt'k  and  l'o\w  r  I,ou| 
Implcmontalions  for  M-nrv  PSK  Demodulation 
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In  Si'ction  r(  of  this  roport  wo  have  shown  how  carrier  phase  estimaiion 
quality  (MSKi  eould  be  described  in  terms  of  phase  error  variances  which  de  ¬ 
pend  upon  \  arious  s\  stem  parameters  (e.g. ,  E.^  ’ 

In  till'  preeedini:  \\i'  ha\('  also  summarized  how  the  modulation  removal  los- 
factor  Tj  ( I'l'ijuii'ed  in  the  calculation  of  phase  error  variance)  may  be  calcul.itt  ■ 

V 

for  matched  filter  power  loops  and  decision  feedback  loops.  It  remains,  ho’,'. - 
ever,  to  indicate  how  these  phase  error  variances  mav  be  tr.anslated  into  dr- 
modulation  lossi's  from  ideal  performanci-.  In  18)  it  is  shown  that  for  small 
demodulation  losses,  the  following  equation  will  provide  an  accurate  descri;  - 
tion  ol  M-ar>  PSI\  demodulation  loss  L  in  dB  versus  phase  error  varianct  in 
radi;ms. 


1-  4.:u  o-  log.,  M 

(  *  o 


vv  he  re 


ml) 


energy  per  modulation  bit  'noise  density  expressed  in  a  pure  numlier 


For  BPSK  and  QPSK  this  result  simplifies  to: 


RP.SK  (M 


ami  if  0  <  <  1  thf  followinjj  familiar  forms  result: 


(A-:, 


(A-'I 


Equations  uA-4)  through  (A-!4)  will  provide  accurate  loss  estimates  when  the 

2 

carrier  phase  estimation  error  variance  cr  is  of  sufficiently  small  magnitude. 
This  accuracy  limitation  occurs  because  the  preceding  equations  arc  based 
upon  an  assumption  of  a  Gaussian  phase  error  density-  as  being  an  accurate 
characterization  of  the  phase  error  process  in  a  second  order  carrier  phase 
estimator.  .Actually  it  is  known  from  (5)  that  even  for  a  first  order  simple 
PI.l.,  the  Gaussian  assumption  is  only  valid  at  small  a~  values  (high  signal- 
to-noise-ratiosi  and  that  a  Tikhonov  phase  error  density  is  exact  for  a  first 
order  loop  in  the  pn'sence  of  .AWGN  and  is  also  a  good  approximation  for  a 
second  order  loop.  The  Tikhonov  phase  error  density  is  given  by  the  following 

p(<^l  exp  (o  cos<;>>  '2-l^(0r)  |  <  -  , 

where  o  is  the  PEI.  signal-to-noise  ratio. 

Charli's  Wolfson  h.a.'^  assumed  that  a  modified  form  of  the  Tikhonox  density 
mtiy  b(  used  to  describe  the  phase  error  process  in  various  power  loops  (i.e.  , 
modulation  remoxal  loops  such  as  squaring,  quadrupling)  to  derive  demodulation 
losses  for  HPSK  :ind  C^PSK  systi  ms.  This  modified  Tikhonox  phase  error 
density  is  gixen  by  the  folloxxing: 


p(M<P)  -  M  exp(a  cos(M<p)|/2ff  I  (Ot.J 
M  o  M 


(A-10 


whe  re 

loi  ^  IT/M 


■>  _o 

M“ o  “ 
M 


and  M  is  the  maximum  number  of  signal  phases. 

Since  the  modified  Tikhonov  density  will  approach  a  Gaussian  density 
2 

for  small  cr  (large  a),  losses  based  upon  either  technique  are  in  good  agree¬ 
ment  when  demodulation  losses  are  small.  In  [8)  it  is  shown  that  results  based 
upon  the  Gaussian  approximation  are  accurate  to  within  0.01  dB  when 


and 


M  --  2 


(.A-lli 


L  <  0.4  (dB)  M  =  4  (A-12) 

For  the  large  loss  case,  it  is  obvious  that  neither  the  Gaussian  nor 

modified  Tikhonov  density  will  accurately  describe  the  phase  error  process 

in  a  modulation  removal  PLL.  However,  it  is  believed  that  the  approximation 

based  upon  the  Tikhonov  density  will  provide  the  most  accurate  description  of 

demodulation  losses  currently  available.  Due  to  the  nature  of  the  analyses 

used  to  derive  demodulation  losses  in  (8j  and  [2,  7)  based,  respectively,  on  the 

Gaussian  or  Tikhonov  densities,  it  is  believed  that  the  former  will  provide 

2 

the  most  accurate  characterization  for  small  losses  (small  tr  )  while  the  latter 


will  provide  the  most  accurate  characterization  for  large  losses  (large  a  ). 
Therefore,  in  this  report  a  two  part  (large  and  small)  loss  approximation  is 
used  to  indieate  demodulation  performance. 


In  the  preceding  we  have  limited  our  discussion  of  demodulation  losses 
to  PSK  systems  which  arc  unencoded.  To  access  the  impact  of  convolutional 
encoding  and  Viterbi  decoding  (as  described  in  Note  1  of  the  Annex  to  this 
report)  we  may  use  the  coder  functional  as  described  infl9]. 

* 

That  is; 


P  (coding) 
e 


(A-13i 


where 


d  =-  10  is  the  minimum  free  distance  of  the  rate  1/2,  constraint  7 
min 

convolutional  code. 


Equation  (A- 13)  implies  that  the  net  effect  of  coding  is  to  increasing  the 

effective  signal-to-noise  ratio  by  10  log  d  in  the  error  function.  Thus  in 

min 

the  Gaussian  approximation  to  the  loss  function  (Equations  (A-4)  through  (.A-‘)i 

equivalent  losses  for  the  coded  case  r.iav  be  calculated  with  an  effective  E  N 

b  o 

(E.  N  ) 
b  o 


eff 


E,_  N  -10  dB. 
b  o 


For  example,  when  using  the  Gaussian  approximation  and  the  system 
described  in  Note  1,  and  when  L  =  0.2  dB 


-  1-1, !)  dB  BPSK 


-  27.  H  dB  gPSK _ 

x  j  2 

•  4>(x)  /  -  exp(-t  2)  dt 

-<*>  V2Tr 

The  "const"  in  Equation  (A-13)  is  not  strictly  a  constant  with  respect  to 

E  'N  but  is  much  less  dependent  than  the  error  integral  ♦ . 
b  o 
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Results  using  the  Tikhonov  phase  error  density  as  described  above  and 
in  12!  aiid  [7|  are  summarized  in  Figure  A-1. 

The  following  convention  has  been  adopted  when  plotting  all  of  the  (non¬ 
linear)  demodulation  loss  scales  shown  in  this  report: 

Wiien  demodulation  losses  are  less  than  0.2  dB,  then  losses  are 

based  upon  the  Gaussian  approximation.  When  the  losses  arc 

>  0.2  dB  then  losses  are  based  upon  the  Tikhonov  approximation. 

In  our  \iew  this  two  part  loss  functional  with  a  break  point  at  0.  2  dB 
represents  the  best  estimate  of  demodulation  losses  currently  for  the  coded  case. 

More  recently  in  121],  loss  formulas  were  derived  which  indicate  that  the 
coded  QPSK  loss  functional  (both  large  and  small  loss  approximation)  used  in 
this  report  may  be  too  conservative.  However,  if  new  loss  functionals  are  in¬ 
deed  proved  to  be  wore  accurate  than  those  used  here  (especially  for  QPSK), 
it  is  a  simple  matter  to  replot  the  loss  ordinates  of  the  demodulation  perform¬ 
ance  curves  of  this  report  since  the  remainder  of  the  analysis  will  remain 
affected. 


A-7 


SUr^KESSED  CARtlEt  SYSTEMS 


-  UNCOOEO 

—  - - HARD  DECISION  DEMODULATION  10-21 

- SOFT  DECISION  DEMODULATION  (0-81 


FiRurc  A-1.  Comparison  of  Degradation  Incurred  for  Auxiliary  Carrier. 
Suppressed  Carrier  BPSK  and  QPSK  Systems 
With  and  Without  Viterbi  Decoding 


APPENDIX  B-  VERIFICATION  OF  WORST  CASE  PHASE  NOISE  ASSU MPTION 


Verify  that  Equation  (6-5) 
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is  monotone  and  increasing  for  (l<sssj).  That  is  f(s)  1  f(s  j  i  when  1<  s  <  s 

That  f(s)  is  monotone  and  increasing  may  be  seen  from  the  positiveness  of 
the  derivative  of  «^-f(s)  (s^  2  s  >  1).  Now, 
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Hence,  we  can  conclude  that  f(s)  <  f(s^)  for  l<s  <  s^. 


APPENDIX  C  -  EVALUATION  OF  INTEGRALS  ASSOCIATED 
WITH  PHASE  NOISE  INFLUENCE  ON  COHERENT  PSK  DEMODULATION 


This  appt'ndix  presents  an  evaluation  of  the  integrals 
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associated  with  phase  noise  influence  on  coherent  PSK  demodulation. 

Although  these  integrals  are  very  similar  for  all  k-values,  a  closed 
form  solution  can  only  be  obtained  for  even  k-values  using  complex  integration 
or  residue  calculus.  For  odd  k-values  we  must  settle  for  approximate 
integral  evaluations, 

C.l  EVEN  K-VALUES 

For  even  k-values,  i.e.,  k  =  0,  2,  4,  we  first  rewrite  lj_  as 
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Since  the  integrands  of  all  four  integrals  are  even  functions,  we  can  evaluate  them 
over  the  interval  (-*,  )  and  obtain  twice  their  values.  This  method  makes  it 

possible  to  determine  the  value  of  a  particular  integral  as  the  residue^  ut  it- 
inteprand.  Consequently,  these  integrals  are  also  available  in  tables  such  as 
thosi'  published  by  [20],  from  which  we  directly  obtain 
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For  o<  ''  1,  e.g. ,  o  <  0.1,  we  can  approximate 
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C.2  ODD  K-VALUES 

For  odd  k-valucs,  i.c.,  k  =  1,  3,  we  must  settle  for  approximate 
evaluations  of  the  values  of  Since  we  desire  to  evaluate  for  small 
Q -values,  we  must  first  bound  the  integral 
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where  tlie  value  of  a  will  be  chosen  later  to  obtain  tight  bounds.  The  inequalities 
result  from  the  observations  that 
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Of  the  two  remaining  integral^  the  first  is  elementary  for  k  =  1,  3.  We 

have 


a 


X  dx  1 


1-1-  X 


a  ret an  a 


x‘  dx  I  ,  ,  ^ 

-  In  (1  *  a  ) 


If  X 


4  4 


( C- 1 9  1 


(  C-2t)i 


The  other  integral  can  be  reduced  to  a  simpler  form  and  ex^iressed  in  terms 
of  the  cosine  integral  ciix).  Since 
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and,  using  repeated  partial  integration  with /3  =  oa, 
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and  y  --  0.  577  215  .  is  Euler’s  constant.  Thus,  we  have  an  upper  bound  Icir 


.  1  .  2  1,1,  sin  a  a .  1  sin  2  a  a  1 

1  =  -  arctan  a  -  —  -  ( - )  - - -  - 

12  2'4aa  32ua  6 

a 


2  2  .  1  ,  sin  ua  ,  sin  2  aa 

■  3  “  '-Tair  -  '-““'I 


iC-25) 


Keeping  the  dominating  terms  for  small  a  ,  we  get 
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The  corresponding  lower  bound  for 
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If  we  choose  a  =  2. 5,  the  upper  and  lower  bound  for  a  0. 1  will  be 
within  2  percent  of  each  other.  Thus,  the  integral  1^,  with  good  accuracy, 
is  approximately  equal  to 

n  2  2  2  2  2 

1  =  -  -  0.  04  '  -  a  In  Q  0.  If)  Q  =  0.  825  ■  -  Of  In  u  (a  <  0.  1 1 

1  *4  3  3 


(C-2'i 


For  k  =  3  we  have  the  upper  bound 
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and  the  lower  bound 
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Again,  with  a  =  2. 5,  the  upper  bound  is  within  2  percent  of  the  true  value  of 
I  for  a-values  less  than  0.1.  Thus  we  have  the  approximation 


Tabk'  D-1.  BPSK  Decision  Feedback  With  HT-MT  Mod  Phase 
Noise  (2  Terminals)  (Losses-Soft  Decision  Viterbi  Rate  1  '2 
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Table  D-2.  QPSK  Decision  Feedback  With  HT-MT  Phase 
Noise  (2  Terminals)  (Losses-Soft  Decision  Viterbi  Rate 
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Table  D-3.  BPSK  Power  Loop  With  HT-MT  Mod 
Phase  Noise  (2  Terminals)  (Losses-Sgft  Decision 
Viterbi  Rate  1/2  Decoding  BER  =10  ) 
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Tablf  D-4.  QPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (2  Terminals)  (Logses-Soft  Decision  Viterbi  Rate 
1  '2  Dt'coding  BLR  =  lo'^) 
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Table  D-5.  BPSK  Decision  Feedback  With  HT-MT  Mod 
Phase  Noise  (3  Terminals)  (Lpsses-Soft  Decision  Viterbi 
Rate  1/2  Decoding  BER  =  10  ) 
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Table  D-6.  QPSK  Decision  Feedback  With  HT-Mt  Mod 
Phase  Noise  (3  Terminals)  (Losses-^ft  Decision 
Vlterbi  Rate  1/2  Decoding  BER  =  lo”  ) 


OHIMI'M  Lorif  rV"0rHrTH  eMt  THF  COFFFSFriMDIMO 
PHA5F  VriFF  VPFIP^JCF 

OFCTLl-PTeF  SFFCTFPL  THeFFCTFF  I  SI  I CS 


HO»  l.flOF- 

10  FAE/HZ 

Hl«  0  FAE 

Hl=  .OIS 

FAE^HZ 

.p  rAr*HZ' 

r« 

M-FTY  F5K 

^1=  ^ 

EP/NO-  1.3  EP 

Mod.  r  IT  TfTF 

FV -OPTt  EFF 

FH-VApf TOT) 

FH-VAFf TV) 

FH-VAFf  F^f) 

F 

HZ 

rr 

HZ 

EF 

7* 

f . 77f Af 

-7.P3SP9 

-9. 19  17i 

-11. FAR? 

I'r 

R. SOAP? 

-9.  I9FA9 

-11.  19PF 

-  1 3. 5PP1 

.'5  Of 

1 0. 7S7A 

-  11. 1A2B 

-  1 3. POPS 

-  IS.3FF8 

u  fo 

17. 07'^*- 

- |A.9e8f 

-n.E195 

- 1R.9A9A 

/■sc*^ 

?7. 1007 

- lfi.7ARf 

-P1.P3A 

-?P.  3SS1 

1<5F00 

pf'.9R77 

-FP. 3flSF 

-PS. PF 1 

-PS.  SAS9 

7f^P00 

PP. 07p7 

-P5.SS37 

-P9.P77? 

-P8. ARfP 

,707000 

1  OF.  F 

-P9.0FI7 

-33. 3/P 

-  3  1 .  OP  7  1 

irfPflop 

ISF.  U9 

-31.S71fl 

-37. 71  OP 

-3P. 78?a 

*9 1  Fi'Or 

<i9b.  Fi  1 

-33.09B9 

-38.71BF 

-3A. A90S 

i9f f o°ro 

9/9. 6A7 

-F9.768 

-  A  I  ,  9  1  09 

-30. OA 1 f 

7Rf^,7?rO 

IRFF.OA 

-?«. EP73 

-AS. OPAS 

-PA. ?F  ?F 

corivr  roiM  of 

10 

EF- 

E  F'^or  t'LATI  ON 

\»siNr 

OAVf El  AN 

APPEOX  AE  F  ACCUEATF  tVE.N  < 

.  A 

FF 

TIKHONOV  APPROX. 

Mod.  FIT  f  A7F  * 

LCFEfTOl  ) 

LOSSf 7H) 

LOBSlTOn 

LOSSiTHi 

E/E 

(  EF) 

f  rp) 

(DB) 

(DBi 

7*- 

PO.PAfO 

13. 777A 

>6 

>6 

ISO 

1 3. 7F33 

8.877PP 

>6 

>6 

300 

P.987FF 

S.f 70RA 

>6 

>6 

IPOf 

3 . 79 1 P  3 

F.PHP39 

>6 

>6 

AROO 

1.F09SF 

.91CFA? 

>6 

1.9 

19P00 

.F99irA 

.3F191A 

1.25 

.  4 

7f  800 

.31^07? 

. 1A3317 

.35 

.  1 

307'.'00 

. ISCFP? 

5.F1599F-f 

1 PP8R00 

fl./5P7FF-P 

P.0SFB8F-f 

A9 1 SPOr 

S.9A7S3F-P 

i.e3093F-r 

1  OF  FOR  00 

. IPROPR 

7.8P03SF-3 

7RF A7POn 

, AF707/ 

3.81833F-3 

Information  bit  rate  -  \  ■  modulation  bit  rate 


Table  D-7.  BPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (3  Terminals)  (Loases-Soft  Decision  Viterbi  Rate 
1/2  Decoding  BER  =  10~°) 
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Table  D-8,  QPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (3  Terminals)  (Logses-Soft  Decision  Viterbl  Rate 
1  '2  Decoding  BER  =  10  ) 


rnl'''"'  LHCf  if  MU  inn  f-vr  the  COEF  r  Sf  OVI 

pHf  '■?  Mr  !  S'  '  /  I  I  fVf  I 


1  ; riLLfiri 

c 

pprihrL  c-'AF-ArTn  1  riirr 

o  r  =  1  .  o  >  - 

1  f 

HI*  0  rer 

11;=  .ri.^- 

J- 

H3=  .3  F.-I  *H3  f 

r 

r 

V  -  ...  Y  F  "K 

'•=  / 

fc^NP*  1.3  iF 

F  I  1  F  f TF  * 

PV  -r  PKYF  5 

FH-VeKTOT  ) 

FH-GAFtTHF 

FH-VAF  t  PI 

1  /F 

H? 

FF 

FF 

FF 

7  = 

."'9  f  '  A 

-S.fbffS  • 

-7. pr7Af 

-9.771Ff 

1  ‘  r 

f  ,1’iLl  f 

-7.?f C39 

-9.P1/ 33 

-11. f fb' 

?rr 

R.^fC/o 

-9. PI  RAF 

-  I  l.Pf 1? 

-  1 3. SA3 

K  CC 

IP. FPPf 

-13.P9rf 

-  1S.P3B 

-  17.  1970 

lorr 

?  1  ,  ‘  RB  <- 

-  IB. 9073 

-  19. PA9f 

-PP. f9B 

19?  rr 

.7A.  P  VO 

-PP.fpB 

-P3. PBf  F 

-P3.99F9 

f 

ps  .  c-i7  1 

. IfP 

-PT.PB^P 

-P7. PfFT 

r<c7j:cr 

B'. RTF P 

-P7.  SPU 

-31 . 3PSF 

-Pb.BPB* 

1  ??«'<(  I 

1  3  1 . 9  1  P 

-3f .3S39 

-3S.ABB9 

-31 . 9F3S 

fOlSfC 

36P.P3/' 

-3F.PP7f 

-37. IPPF 

-33.909 

i9F*r«rr 

(tnr.  Z7P 

-P9.  SB/./) 

-iP.  3A/,7 

-P9.93FA 

ip.-r.  PA 

-2C. 1977 

-A3. A9F9 

-PA, ?i9 1 

ccriNr  rfiN 

OF 

IP 

FF 

I  FYri "LflirM 

LCFSFF  USING 

c-eussiPN 

fPPF'-'X  PFF 

ACCUIfTF  VMFM< 

./I 

FF 

TIKHONOV  APPROX. 

;  IT  1  r-T^  * 

LOS.''(  TOT  5 

LOFFtTH) 

L06S(T0T) 

LOSS(THl 

( p  / .' ) 

( tF) 

tri  F 

(DB) 

(DBi 

30. 7Rr9 

P0.9B 

>6 

>6 

I  ‘^0 

PO. 7'  I  t 

13.7103 

>6 

>6 

•>co 

1  .3.  A98  1 

B.B3P9 

>6 

>6 

1  per 

‘.B 1 193 

3  .SB*.)  1 

>6 

>6 

/or  T' 

f  ./i>'3SB 

l.F  PBP 

>6 

>6 

19prr 

l.r''19r 

.S713;b 

2.6 

.95 

7rRrr 

,  /j  f.  /.  0  B  r 

.FPe7Cl 

.6 

.25 

?C7'Cr 

.  f  1  SAB  1 

B,9/(5S/iF-P 

.2 

9.1 

1  pfoorr 

.  I  I  I«7B 

S./fiBP/iF-F 

f-b  1  ‘■f  ff 

7.30)9PF-P 

.P?3f7P 

ibrrrprn 

.  I  3A/iB 

1.  inSBF-P 

7'5r  /  3'  re 

.  /  n  r  *3 

S./ 3FB7F-3 

•  Ir.tor-nntlrm  bit  rate  J  ■  modulation  bit  rate 


D-S 


Table  D-9.  Demodulation  Performance  -  BPSK,  Power 
"Cesium  H"  Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3  bit),  R=J,  K=7,  Vlterbl  Decoding  (a  BER=10"^1 
*  Information  bit  rate  =  i  •  modulation  bit  rate 
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Table  D-10,  Demodulation  Performance  -  QPSK,  Power  Loop, 
"Cesium  H"  Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3bit),  R=l/2,  K=7,  Viterbi  Decoding  at  BER  10 
•Information  bit  rate  =  1/2  •  modulation  bit  rate. 
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Table  D-11.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Cesium  11"  Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3  bit),  R=l/2,  K=7,  Vlterbi  Decoding  at  BER  =  10  ^ 
♦Information  bit  rate  =  1/2  •  modulation  bit  rate. 
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Table  D-12,  Demodulation  Performance  -  BPSK,  Power  Loop, 
"Cesium  11'  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

{Loaaet  -  Soft  DwMalon  (3  Wt),  R*i,  K=7,  Vtterbl  Decoding  @  BER-lO'^l 
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Table  D-13.  Demodulation  Performance  -  QPSK,  Power  Loop, 
"Cesium  11'  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 


j  •  Soft  Decision  (3  bit),  R=J,  K«7,  Vlterbl  Oocodli^  ^  BER=10”®I 

•  InformstloD  bit  rate  =  i  •  modulstion  bit  rat* 
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Table  D-14.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Cesium  II”  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

{Lott«a  -  Soft  Declaion  (3  btt),  R»i.  K-7.  VtterbI  l>0codli«  #  BER-10'®! 
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Table  D-15.  Demodulation  Performance  -  BPSK,  Power  Loop, 
"Crystal  11"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

{Loasea  -  Soft  Declalon  (3  bit),  R“i,  K=7,  VitarbI  Oecodittg  §i  BER»J0'^( 

•  Information  bit  rate  =  J  •  modulation  bit  rate 
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Table  D-16.  Demodulation  Performance  -  QPSK, 

"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

)L0..e.  -  son  DecUlon  (3  bUl.  R-J.  Vlterbl  Decoding  ^ 

.  intormatlon  bit  rate  =  i  •  modulation  bit  rate 
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Table  D-17.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Crystal  H"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 


Ilmsm  -  Soft  CteclaiOD  (3  bit).  K=7.  Vltorbt  Decoding  @  BER»10-5l 

*  Information  bit  rate  «  i  •  modulation  bit  rate 


PhACT  v/c,  iMTA  J  Mi  • 

AT  'M  t  A»  I' .  T  nT*- : 

pc;-<  %T 

F  1,1  f -- 


T  MO|  ^  Mf  .  T  ^  T  t 


n/iMPT>ir,  fffir'u:  .7"7|n7 

oua 

(  rfiir .  H  t  Tc  /t  k  r  )  (-71 

PH.,y  AP  (  T'lT  \ 

( *‘le(_..  4'i(s  e  7  ( 

( A  ')1»  •  ^  ) 

l'<7nr.  7.7?1 

7^.A;-.',.  S.4-^ 

7077'. n. 

6PiS7nn.  l/.\  .n-i 

1  Ofcfcriaon  .  p  1  7 ,4^7 

7A7.<.7?no  .  t  7  7  1  1 

-  7P  ,  Tlae  (1 

-7?.  •<«(  7 
-7?.?4?4( 

-7  1  .(4.7P1 

-7)  .e(77g 
-7?. 4(1]? 
_7?.P<-)4 

-77.7774 
-4fi,  7[CC 
-4|  .  ►•7'IA. 
-47. 1 g>4 
-44 . 1  7?  1 
-4?,t-g4 
~ur>,  7;- 74 

pFvoniii  iTT(^f  1  ntp  i(c^  mat 
*T  ODTI"!'"  A  A  I  f  T  -  : 

A  A  Tf 

true  I  T  I  w  I  T  V  '-,41.,  (MU,  ; 
rcMnnii(*Tli7.  inettc  mcj  .k, 
4PPO(-'x.  tof  arri'PfT.-  wH.., 

1  r  .on 
r.£l  itt  ]  CAJ 

<  .tTinnnr, 

nFfTcin*!  rrriiPAT.  i-p|F;vit 

iT  A  T  1  (.* 

rarinpr  .■’'-71(17 

OMP 

,  ( 

1  nc  c  (  7(^7  1 

1  nct,(7-.| 

(unn,  pjTt/cvri 

( -  7 ) 

C'lP) 

(>JP) 

1  oprin , 

7.771 

. 74  aoi _p 1 

. 7744(  -n 1 

7A,P''n . 

t  .4PP 

.  f,?4ST  -0  1 

. 1  ISt.  -0 1 

707?pn , 

I'l.  1  1  - 

.7r-7’  -01 

.  7444’  -(T.. 

1 ??Bnpn , 

44.144 

.4???r -0] 

.44.»7f  -n/ 

40) SPPO . 

141.041 

.77707 -01 

.444fil-  -f|7 

1 gAtOMnn . 

PI 7.4tp 

.«.044t,  _0  1 

.  4Kf.W(  -  M  ^ 

7«44  7?'in  . 

1771.441 

,«,?  J 1  r  _o  1 

.  74447  .(1? 

-•n.  7  7^  ' 

-■>?.7-ou 
-17.0)  \  r 

-t?. 

-■n. )  )  -■> 
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Table  D-19.  Demodulation  Performance  -  Radiation  Inc, 
BPSK  With  Modified  HT-MT  Phase  Noise  (2  Terminals  +  1 
Equivalent  Satellite)  (Losses  -  Soft  Decision  (3  bit),  R  =  1/2, 
K  =  7,  Viterbi  Decoding  at  BER  =  10  ) 


LOO^  hANLWlLlH  ANL  IHf  COfKESFONLlNG 
PHASE  NOISE  UAHIANCE 


OSCILtATOE  SEECTHAL  CH AE AC  1  EM S7 1 CS 

H0«  l.b9E-ie  EAL/H7  H I  ■=  P  FAD 

M8-  .eis  hAL*H7  H3«  .3  EAL»H7 •? 


E-AFY  FSE 

E.  ? 

FP/N0«  1.3 

DP 

MOD.  BIT  RATE  * 
P/S 

BW  (MFi 

H7 

FH-UAF<  TOT ) 
DF 

PH- VAE<  TH ) 
LP 

1222 

17S 

-8.28222 

-8.2921 5 

9822 

17S 

-19.2652 

-19.3127 

1  9222 

17S 

-80. 1955 

-82.3333 

76822 

17S 

-85.6389 

-86.3539 

327222 

175 

-29.939 

-38.37  95 

1228802 

17b 

-31 .7529 

-36.3951 

9915222 

17b 

-30.9185 

-99.91 57 

19662620 

175 

-86.9318 

-52.9363 

76693822 

175 

-81.256 

-56.9569 

CCLING  SENSIVITY  GAIN-  10 

t'EEODUl-ATI  ON 

LOSSES 

USING 

GAUSSIAN 

AFFFGX  APE  ACCUEiATE 

WHEN- 

.116969  DP 

FH-UAF(  FNl 
CE 


-33.8979 
-33.A9A3 
-33.E79H 
-33.SFPS 
-33.fPPe 
-jp.blEI 
-3P.59S1 
-26. AAbS 
-21 .257  3 


MOD.  BIT  P>TE  * 

UOSS(TOT) 

LCSStTH) 

Tikhonov 

Approx. 

(P/S> 

(  DF) 

<  DP) 

lioaa  (tot) 

Lobb  (Th 

1  222 

1 .93791 

.693099 

>6 

>6 

9822 

. 299669 

.162779 

1,65 

1.65 

1  9220 

9.79996E-8 

9.2I939E-2 

<.  1 

76822 

1 ,22896F-P 

1 .229638-2 

. 

327  200 

9.9666IE-3 

2.51B09E-3 

. 

1828622 

8.9265PE -3 

6.862828-9 

• 

991 5220 

3.98959P -3 

1 .57225E-9 

19662822 

.212179 

3.92519E-5 

76693220 

.237638 

9.818698-6 

In/ormatlon  bit  rate  =  J  ■  mochilation  bit  rate 


Table  D-20.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Crystal  II"  Phase  Noise  (2  Terminals) 


{Losses  -  Soft  OeclsioD  (3  bit),  R  ■  1/2.  K  ■  7.  Viterbi  Decoding  at  BLR  ■  10  ^ 


VAPlA^lCFS  V*;.  DATA  OATF  • 

m-APv  P';»<  m=  ? 

FR/KiO:  1  . 1  PH 

POWFH  LOOP  I HPlFMF NT  AT  1  ON 

CjAmpInG  rACf0O=  . 7^7107 


PmB 

Rl 

PM-VAP ( TOT  > 

PH-VAP (TH) 

PM- vAP ( PN I 

no.  rit<;/<;eC) 

(H7) 

(OB-PAD**?) 

(DB-PAO**?) 

(OB-PAD»«?) 

l?no. 

17S.000 

-8.2772 

-8,2922 

-32.9209 

4H00. 

175.000 

-14.249S 

-14.3128 

-32.6462 

19?00. 

175.000 

-30.0714 

-20.3334 

-32.3945 

76Pr)n. 

175.000 

-25.2754 

-26.3540 

-31.8531 

307?nn. 

175.000 

-28.5923 

-32.3745 

-30.9474 

l??«eoo. 

175.000 

-30.0330 

-38.3952 

-30.7174 

491S?00. 

175.000 

-30.5170 

-44.4157 

-30.6977 

IPAftOflOO. 

1 75.000 

-30.6504 

-50.4363 

-30.6943 

DENODllLftTlON  loss  VS.  DATA  PATF 


viNiNdM-FPEp  oistancf  of  C00F=10.n 
demodulation  L0SSF<;  using  GAU«S1AN 
APPPOX.  ARE  ACCUPATE  ><HEN  <  .UbAtP  DM 

TIKMONOV  APPPOx. 


PMR 

PL 

L05S (Tni) 

LOSS (TH) 

1 nss ( TOT ) 

LOSS 

ion.  RITS/4EC) 

(H71 

(DP) 

(08) 

(DR) 

(Of 

1200. 

175.000 

.2036E*0l 

.2024F‘01 

>6, 

>6. 

•.800. 

175.000 

.2520E.00 

.2471E  *00 

1.69 

1  .55 

19200. 

1 75.000 

.4e78E-01 

.4559F-01 

<  .  1 

«.l 

76800. 

175.000 

.1343E-01 

,1039F-01 

<.l 

<.l 

307200. 

175.000 

.61?2t-0? 

.2533F-0? 

<  .  1 

< .  1 

1228800. 

175.000 

.4369E-0? 

.6293f -03 

«.l 

<.  1 

4915200. 

175.000 

.3902E-02 

.1571F-03 

<  .  1 

< .  1 

19660800. 

1  75.000 

.3783E-02 

.3926F-04 

<.l 

<  .  1 

*  Information  bit  rate  -  1/2  •  Dodulatloa  bit  rale 


TabU'  Demodulation  Performance  -  Radiation  Inc. 

BPSK  with  "Cesium  11"  Phase  Noise  (2  Terminals) 

{l  osses  -  Soft  Decision  (3  bit),  R  ■  1/2.  K  -  7.  Viterbi  DecodiOR  at  BKR  •  10 


phasf  V»PI»''CFS  vs.  OATA  OATf  • 


m.APv  ? 


F  M/tcOs  1.3  pH 


POvFP  LOOP  TmPlFmFMTAT ION 
PAMPTNO  FACT0O=  .707107 


PMR  PL 

(koo.  PiTs/sen  (H7) 


Pm-vAR(T0T1  PH-V4P(TH)  PH_vAR(PN) 

(DP-oAn«»?)  (ne-B«D««?)  (db-pad**?) 


1?00. 

4«0O. 

1^200. 

7<SflOO. 

307200. 

l??f»fl0O. 

4<31S200. 

IR^POPOO. 


1 7S. 000 
1 7S.OOO 
175.000 
175.000 
17S.OOO 
1 75.000 
I  75.000 
175.000 


-P.2f<97 

-14.?1P0 

-2‘..5?01 

-27.P77« 

-2fl.«7R3 

-2P.8055 


-e.2R2? 
-IP. 312ft 
-20.333P 
-26.3540 
-32.3745 
-3ft. 305? 
-44.4157 
-50.4363 


-31 .150R 

-30.8762 

-30.6276 

-30.0845 

-29.1773 

-?«.9464 

-28.924“^ 

-28.9252 


DFPnniiLATlO^'  L05S  vs. 


DATA  pate 


MIMImiim-FPFF  niSTANCF  OF  CODF^IO.O 
OFMODltL  «T  ION  LOSSFS  USING  Gftl'SSIAN 
APPPOX.  APE  ArCUPATf  nMEN  <  .116<.6Q  OM 


TIKHONOV  APPPOX. 


PMP 

«l 

LOsstTOTl 

(MOn.  oiTS/sfD 

(H7  ) 

(ntt) 

1200. 

1  7S.O0O 

.?062E*01 

4800  . 

1 75.000 

.254SE*00 

19200. 

1 7S.000 

.5040E-01 

76800  . 

1 75.000 

.I499f-0I 

307200. 

1 75.000 

.79588-02 

1228800. 

I  75.000 

.62868-02 

4915200. 

1 75.000 

.58238 -02 

1 9660800 . 

1 75.000 

.57038-0? 

•  Information  bii  rate 

I  2  ■  modulation  bit  rate 

LOSStTH)  lOSS(TOT)  LOSSITh) 

(D8)  iriF>)  (HP) 


20248  *01 

>6  . 

. 

24718*00 

1 .76 

1 

65598-01 

«.  1 

<  • ) 

1039F-01 

<.l 

<  •  1 

25338-02 

<  .  1 

« •  1 

6293f  -03 

<.  1 

<  •  1 

1571f -03 

<  .  1 

<  •  1 

39268-04 

<  .  1 

<  •  1 

D-21 


Tabk'  D-22.  Demodulation  Performance  -  Radiation  Inc, 
BPSK  With  "Crystal  H"  Phase  Noise  (2  Terminals  and  1 
Equivalent  Satellite) 


iLosses  -  Soft  Decision  (3  bit).  H  -  1  J.  K  »  7.  ViUrbi  Oecodia^  at  BKR 


10 


pwfiCf  VS.  nil*  UATF  “ 

w-4Uy  pc;«  uz  ? 

1.?  rp 

POwfD  I  OOP  TMPLFmFNTATIOkj 
DAMPING  FACTOP=  .707107 


OMR 

PL 

PH-VAR(TOT)  Ph-VAPITh) 

PH- VAP ( PN ) 

(MOD.  RITS/SEF)  (H?) 

tDP-PAD*«3i  (oe-PAn*«?) 

(0B-PA0»»?) 

I?00. 

1 7S.000 

-e.3903 

-8.3933 

-41 .6630 

peon . 

17S.000 

-14.303*. 

-14.3138 

-40.5349 

19?on. 

17S.0O0 

-30.3775 

-30.3334 

-39.3157 

7eeon . 

17S.OOO 

-3E.0001 

-36,3540 

-37.0660 

307300. 

17S.000 

-30.3307 

-32.3745 

-34.5860 

1 3?flfion . 

1 75.000 

-33.70S1 

-38.3953 

-34.07)9 

PO1S300. 

175.000 

-33.6490 

-44.4157 

-34.0393 

1  q*,f,nenn . 

175.000 

-33.93R1 

-50.4363 

-34.0363 

ofmoodc ATto^  toss 

VS.  DATA  PATE 

mimmiim-fpEF  niSTANCE  or  CODE 

=  10.0 

OFMnnllLATIO^'  losses  using  GAUSSIAN 

Apppn*.  APf  ACCllOATF  WHEN  < 

. 116469  OP 

tikmosov  APPPO 

OMP 

PL 

1  OSS (TOT) 

LOSStTM)  insS(T0TI  LOS 

(MOD.  PITS/SEE) 

(H7) 

(OP) 

(DP) 

(DP)  ( 

1300. 

1 75.000 

.3035F*01 

.3034r*01  >6 

• 

>6* 

PROO. 

1 75.000 

.3479F*00 

.?471F«00  1.57 

19300. 

1 75.000 

.4635F-01 

.4559E-01  <. 

•J 

<  •  I 

7bR00  . 

175.000 

.1130f-01 

.1039f-0l  <. 

< .  1 

307300. 

1 75.000 

.4076f-0? 

.3533E-03  «. 

<  •  1 

133eeon. 

1 75.000 

.3346f-0? 

.6393E-03  <. 

<  •  1 

P91S300. 

1 75.000 

.iee5F-03 

.1571F-03  <. 

<  •  1 

1 Meeoeoo . 

175.000 

.1767F-03 

.3936E-04  <. 

<  •  \ 

*  Informatioo  bit  rate  -  1  '2  ■  modulation  bit  rate 


I 


Table  D-23.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Cesium  II"  Phase  Noise  (2  Terminals  and  1 
Equivalent  Satellite! 


-  Soft  IKcisioo  (3  bill,  R  <•  1  K  •  7,  ViU^rbi  litcocUnR  at  Rt  ft  "  Hj 


pH»c,f  vs.  n*T»  B4Tf* 


M.APV  PS*  ? 


f  P/Mn=  1.1  nq 


POKPO  I  0(fP  TMPLf  “f  •JTA  T  lot- 


DAMPtNO  FACfOOi  .707107 


PmR 

PL 

pM- v/AP  t  TOT  1 

Ph_VAR ( TM) 

PH-VAP (PN) 

(POO,  RITS/StCI 

(«7  ) 

(np-oAn»»?t 

(Oe-9AD*»?) 

(OB-BAO»»7 

i?oo. 

1 7S.00O 

-P.?P9? 

-39.91?0 

aPOC  . 

1 7S.OOO 

-U.?97? 

-IA.31?» 

-3fl.76t»0 

19?00. 

ITS. 000 

-?0.7P9fl 

-?0.333‘. 

-37.4S09 

76Pn0. 

1 7s.noo 

-7S.P330 

-?6.3S40 

-3S.300P 

3n7?00. 

ns.ono 

-?S.S79? 

-37.374S 

-3?.B1S7 

I ??flPO0. 

J75.000 

-31 .3PS(. 

-3S.395? 

-37.B99P 

(.91  s?00  . 

l7s.oon 

-3?. 0003 

-<.i».4lS7 

-3? . 75^7 

19bf,orton. 

1 7S.00O 

-3?. 1«P3 

-SO. 4363 

-3?. 7538 

pf  Mnoiii  AT io»  i  OSS  vs. 

DATA  PATf 

MiMMnM-FRFF  OISTAnFF 

OF  CODE =10.0 

Of “nniiLATiO'i  lOSSFs  using  gai'Ssian 

APPRO*.  APf  ACCllOtTf  ,(MfN  <  .fJiSq^Q  P« 

TlKMONOV  APPPO*. 


QHP  PL 

(MOf'.  OITS/SED  («7) 


I 0«S (TOT ) 
(OR  ) 


inSS(TP) 

(OPf 


I  OSS ( TOT  1 
(DP) 


L  OSS ( T“ I 
(DPI 


l?no. 
4«00. 
l<»?on. 
7Sflon . 
io7?on . 
l??PPon. 
<,QlS?nn , 

is*,»,npoo. 


I7S.000 
1 7s.0on 
1 7s.onn 
1 7s.ono 
1 7s.pnn 
1 7s.oon 
I 7S.000 
1 7S.000 


.?0?Pf •01 
.?4P3F*no 
.A^SPf -ot 
. n  7bf -01 
.<.«S«F -0? 
.3?lflf-0? 
.?7(S3f-0? 
.pK.SF-0? 


.POPaf.oi  »b. 

.?<.7U*no 
.A^SPF-Ol  <.l 

.10391-01  <.l 

.?S33F-n?  <.l 

.b?S3F-03  <.l 

.1571F-03  *.l 

.39?f>F-0A  <.l 


»b. 

1  .PS 
<  .  1 
< .  1 
<  .  1 
<.l 
<  .  1 
<.t 


•  Information  bil  raU'  =  1  J  ■  mocfulalicjo  bit  rate 
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Tabk'  D-2-1.  Demodulation  Performance  -  Itadiation  Inc. 
BPSK  with  "Cesium  11"  Phase  Noise  (2  Terminals  and  1 
Equivalent  Satellite),  PLL  Damping  ^  1.0 

{Losscb  -  Si>ft  Kecision  (:i  bill,  R  «  1  K  •  7,  Vilerbi  Dc-ccxtinp  at  Ht  H  ■  In 

v*;.  pata  patf  • 

M-4PY  P^K  M-  ? 

F  H/Kjnr  1  .  ^  PP 

POwF  O  LOOP  1 MPL t Pt NT  AT  I OM 

PAMPlMr,  FACTOO-  l.niifif'O'i 


OMR 

Rt 

Pm-vAR ( tot ) 

Pm. vAP ( Th ) 

PH- vAO ( P^ ) 

(Mon.  flITc,/<;£C) 

(M7) 

(DB-PAD»«?» 

IDR-OAI)»«?) 

roe-PAU**?) 

I 7s.nnr 

-fl.?9?? 

-30.6414 

4flnn , 

1 7S.onn 

-14.?070 

-I4.3l?e 

-30.393? 

lP?sn. 

17S.onf) 

-15.9043 

-P0.3334 

-30. 169P 

7Fi80n  . 

1 75. non 

-i’4.6951 

-?6.3540 

-29.6780 

tn7?oo. 

I  75.000 

-?7.?500 

-3?. 3745 

-?fl.S445 

1  . 

175.000 

-?R. 1944 

-38.395? 

-28.6303 

4Sis?nn. 

175.000 

-?P.4991 

-44 .4157 
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TabU‘  0-20.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  HT-MT  Mod  Phase  Noise  (2  Termin^ils) 
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Tabic  D-27.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Cesium  IT'Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3  bit),  R=i,  K=7,  Vlterbi  Decoding  @  BER=10*5| 
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Table  D-28,  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Cesium  H"Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-29.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Cesium  H"  Phase  Noise  (2  Terminals) 
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Table  D-30.  Demodulation  Performance  -  Raytheon  Inc,  QPSK 
TDMA  With  "Cesium  11"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-31.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Crystal  H"  Phase  Noise  (2  Terminals) 
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Table  D-32.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Crystal  11"  Phase  Noise  (2  Terminals  and  1  Equivalent 
Satellite) 
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Table  D-33.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Crystal  H"  Phase  Noise  (2  Terminals) 
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Table  D-34.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Crystal  11"  Phase  Noise  (2  Terminals  and  1  Equivalent 
Satellite) 
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Table  D-35.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  HT-MT  Mod  Phase  Noise  (2  Terminals) 
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Table  D-36.  Demodulation  Performance  -  Raytheon  Inc,  BPSK  TDMA 
With  HT-MT  Mod  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite  i 
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Table  D-3f^.  Demodulation  Performance  ~  Raytheon  Inc.  QPSK  TDMA 
With  HT-MT  Mod  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-39.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  with  "Cesium.  11"  Phase  Noise  (2  Terminals) 
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at  Optimum  PI.I.  Randwidihi 
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Table  D-40.  Demodulation  Performance  -  Raytheon  Inc.  BPSK  TDMA  with 
"Cesium  11"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-41.  Demodulation  Performance  -  Raj^heon  Inc,  QPSK 
TDMA  with  "Cesium  II"  Phase  Noise  (2  Terminals) 
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Table  D-43.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  with  "Crystal  H"  Phase  Noise  (2  Terminals) 
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Table  D-45,  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  with  "Crystal  11"  Phase  Noise  /2  Terminals) 
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Table  D-46.  Demodulation  Performance  -  Raytheon  Inc.  QPSK  TDMA  with 
"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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